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1 Introduction and Motivation
150 years after its invention, the incandescent light bulb is about to be replaced by solid
state lighting (SSL) devices [1][2][3]. SSL offers various advantages but first of all, SSL
devices can outperform incandescent light bulbs by at least one order of magnitude in
terms of both lifetime and luminous efficiency (see chapter 3, table 3.1). Already today
(2011), inorganic LED are the light source of choice for many applications, as in con-
trast to compact fluorescent lamps (CFL), LED do not only provide a high efficiency
and lifetime but are also free from noxious heavy metals as mercury.
In addition to inorganic LED, organic light emitting diodes [4] (OLED) are promising
candidates for general illumination, too, since they offer the possibility to realize large-
area light sources which can even be transparent [7] and flexible [5][6]. While OLED
displays have already become a serious contender for the established liquid crystal dis-
play (LCD) technology (e.g. OLED displays for cellular phones), OLED for general
lighting are not being produced in market-relevant amounts yet (2011). Nevertheless,
several OLED products for general lighting are already available [8][9] as for example
the Lumiblade OLED (by PHILIPS) or the ORBEOS OLED (by OSRAM) shown in
Figure 1.1.
Figure 1.1: PHILIPS Lumiblade (left) [8] and OSRAM ORBEOS (right) [9]
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However, until OLED can compete with their inorganic counterparts, their brightness,
luminous efficiency and lifetime have to be improved, while at the same time production
costs have to be reduced significantly. In order to achieve all of these requirements, the
following three issues are of great relevance:
• Realization of a high-throughput deposition tool which is capable of
depositing state-of-the-art materials with high material usage. Until to-
day, the best OLED performance is obtained by OLED based on small molecules.
Small-molecule thin films are most commonly deposited by means of vacuum ther-
mal evaporation (VTE). However, VTE tools for the mass production of OLED
are typically in-line tools, which means that for every single organic layer, a sepa-
rate deposition chamber is employed. Consequently VTE is a relatively expensive
production technology and offers little flexibility for modifications of the organic
layer sequence (and thus of the product).
• An effective combining of monochrome light emitting materials in a
single device in order to obtain white light. Various concepts for white
OLED have already been introduced. However, in most cases, the performance of
these devices is significantly lower than those of the corresponding monochrome
OLED (see chapter 4).
• Achieving a high light out-coupling efficiency without the use of (ex-
pensive) high refractive index substrates (HIS). Due to the index mismatch
between the organic materials and air, as well as light absorption and plasmonic
losses, the out-coupling efficiency of an OLED consisting of small molecules is usu-
ally well below 20−25% (see chapter 5). As a consequence, several research groups
worldwide are currently working on concepts to improve the out-coupling efficiency.
Very good results have already been achieved in combination with the use of glass
substrates having a high refractive index. However, HIS are comparably expensive
and will hardly be available in the required amounts.
This work will focus on the realization of highly efficient white OLED light sources
for general illumination based on small-molecule organic semiconductors. For the depo-
sition of the organic materials, a novel deposition process called Organic Vapor Phase
Deposition (OVPD) is employed. OVPD offers the possibility to deposit the complete
stack of organic layers of an OLED in a single deposition chamber and therefore has
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the potential to significantly reduce the production cost of OLED. This effect kicks in
especially for the production of OLED with a very complex stack of organic layers (as for
example OLED employing mixed layers with a graded mixing ratio or stacked OLED).
Furthermore, OVPD offers a very high production flexibility as the organic layer stack
can be changed immediately from run to run, so that different OLED products (e.g.
OLED in different colors) can be processed sequentially on a single production tool.
In the first part of this work, a variety of high-performance light emitting materials are
investigated in the OVPD system. The emitting materials are evaluated with respect to
their potential use in a white OVPD-processed OLED for general lighting. Based on the
obtained results, different concepts for white OLED will be tested and compared with
respect to the obtainable device performance. Furthermore, the applicability of OVPD
for the production of white OLED is examined. Hereby, special attention is paid to the
reproducibility and run-to-run stability of the obtained color coordinates.
In the second part of this work, the potential of resonant-cavity effects to improve light
extraction of OLED will be investigated. The simple approach of resonant-cavity OLED
comprising a semitransparent Ag layer will be compared with the more elaborate ap-
proach of resonant-cavity OLED based on a distributed Bragg reflector (DBR).
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This chapter explains scientific details about the working principle of OLED including
the comparison of different concepts to design the emissive layer. Furthermore, the most
important figures of merit for the OLED characterization as well as different production
techniques will be discussed.
2.1 Working principle
2.1.1 Basic structure of a bottom-emitting OLED
A bottom-emitting OLED typically consists of a stack of organic layers sandwiched
between a a reflective cathode and a transparent substrate which is coated with a trans-
parent anode [4]. The basic structure as well as the working principle of a monochrome
OLED are shown in Figure 2.1.
Figure 2.1: Basic structure (left) and working principle (right) of bottom-emitting
OLED.
The organic layer stack contains at least one emissive layer (EML) in which the charge
10
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carrier recombination (and the generation of photons) takes place. The EML is typically
sandwiched between a hole transport layer (HTL) and an electron transport layer (ETL)
[33].
The right side of Figure 2.1 shows the working principle. If a drive voltage is applied,
electrons and holes are injected from cathode and anode, respectively. The recombina-
tion of the injected charge carriers within the EML leads to the generation of excited
molecular states (in the following referred to as excitons) which can decay radiatively to
create photons.
2.1.2 Fluorescence and phosphorescence
The wave function of an exciton can either be symmetric:
|Ψ〉 = |↑↑〉 (2.1)
|Ψ〉 = |↓↓〉 (2.2)
|Ψ〉 = 1√
2
(|↑↓〉+ |↓↑〉) (2.3)
or antisymmetric [25][26]:
|Ψ〉 = 1√
2
(|↑↓〉 − |↓↑〉) (2.4)
Excitons having an antisymmetric wave function (and a spin of S=0) are usually referred
to as singlet excitons Sn (n=1,2,3..) whereas excitons with a symmetric wave function
(and a spin of S=1) are referred to as triplet excitons Tn (n=1,2,3..) [25][26]. The
possible transitions between excited molecular states are sketched in Figure 2.2.
Figure 2.2: Transitions between excited molecular states (left) and phosphorescent or-
ganic electrophosphorescent molecule Ir(ppy)3 comprising an iridium central
atom (right)[25].
11
2 Basics about OLED technology
According to spin conservation, transitions from the excited triplet state T1 to the
ground state S0 are spin-forbidden [25]. This means that only singlet excitons can decay
radiatively and contribute to photon generation. However, in various electroluminescent
molecules comprising a heavy central atom such as iridium, the probability of this for-
bidden transition was found to be drastically increased so that both triplet and singlet
excitons can contribute to photon generation [115]. This effect can be attributed to the
strong spin-orbit coupling of the central atom and the excited electron [26]. Due to
the comparably long decay time of triplet excitons (triplets: t ≈ 10−6 - 10−3 s; singlets:
t ≈ 10−9 [29][26]), this class of emitters is referred to as electrophosphorescent materials
(electroluminescent organic materials which exhibit a negligible phosphorescence are re-
ferred to as electrofluorescent material). As an example, the molecular structure of one
of the prominent electrophosphors Ir(ppy)3 [29] is displayed in Figure 2.2.
If it is assumed that all four of the above described wave functions are generated with
the same probability [27], the ratio of triplet to singlet excitons is 3 : 1, so that in a fluo-
rescent emitter, only 25% of the excitons can contribute to photon generation (whereas
in phosphorescent emitters, it can potentially be 100%)[28].
2.1.3 Bimolecular triplet-triplet annihilation
Bimolecular triplet-triplet annihilation (TTA) is an important quenching process in
OLED: One triplet is deactivated into the ground state S0, whereas the other one is
transferred to an excited singlet state (e.g. S2) so that conservation of the total spin is
achieved [61][62].
In phosphorescent OLED, TTA is an unwanted phenomenon as leads to an efficiency
roll of at high current density (the probability for TTA is proportional to the 2nd power
of the exciton density [61]).
In fluorescent OLED however, TTA may even increase efficiency due to generation of
exited singlet excitons: Blue fluorescent OLED with an internal quantum efficiency of
up to 40% have been reported recently and it is suggested to attribute the high efficiency
to TTA [118][119].
2.1.4 Emission layer concepts for phosphorescent OLED
A way to reduce TTA in phosphorescent OLED is to dope the electrophosphorescent
material into a host material with a higher triplet energy level. The host molecules will
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nearly all be in the ground state due to the lower triplet energy level of the electrophos-
phorescent dopant material. If the concentration of the dopant is low enough, dopant
molecules are surrounded by host molecules and so that bimolecular TTA between ex-
cited dopant molecules is suppressed [29][26][33].
To achieve a good charge carrier balance and to confine charge carrier recombination
within the EML, it has become more and more popular to employ two different host
materials so that the EML consists of three materials [30][31][32][33][39]. These EML
can usually be assigned to one of the three different EML concepts shown in Figure 2.3.
Figure 2.3: HOMO and LUMO energy levels of different concepts to design the emissive
layer of highly efficient monochrome OLED.
All three concepts are based on the following set of materials:
• A predominantly hole-conducting matrix material (pink)
• A predominantly electron-conducting matrix material (green)
13
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• A high performance emitting material (blue dashed line)
Figure 2.4 gives a schematic illustration of the charge carrier recombination density for
the different concepts.
The double emission layer (DEML) concept guarantees a strong confinement of charge
carrier recombination. Since electrons can hardly penetrate the hole-conducting matrix
and holes can hardly penetrate the electron-conducting matrix, exciton formation will
almost exclusively take place directly at the interface of the two layers. Since the DEML
only requires the mixing of two materials at a time, it can easily be deposited by means
of vacuum thermal evaporation (VTE is the most established deposition method at
present).
Figure 2.4: Schematic illustration of charge carrier recombination density for different
EML concepts
In contrast to the DEML concept, a mixed matrix (MM) allows to obtain a relatively
broad recombination zone which can be advantageous to reduce the efficiency droop at
high luminance (especially for phosphorescent emitting materials). However, to obtain
a good charge carrier balance, the mixing ratio of the two matrix materials has to be
tuned very carefully (an unbalanced mixed matrix may lead to asymmetrical charge car-
rier recombinations as displayed by the green and red dashed curves). Thus, compared
to a DEML, the MM is more susceptible to process deviations.
The cross-faded matrix (CF) can be considered a hybrid of the DEML and the MM concept.
Due to the gradually changing mixing ratio of the two matrix materials, it guarantees
a good charge carrier balance and a relatively broad recombination zone at the same
time. However, in (most) current deposition tools, the gradually changing mixing ratio
is complicated to realize (see section 2.5.4). A careful investigation of the three matrix
14
2 Basics about OLED technology
concepts as well as a detailed description of the underlying mechanisms can by found in
[40][33].
2.2 Photometric figures of merit
2.2.1 Color coordinates
The color of a light emitting device is defined by its color coordinates (x,y) which can
be derived from the spectral power distribution S(λ) (measured in W/nm) by means of
the following formulas.
x := X
X + Y + Z y :=
Y
X + Y + Z
The so called tristimulus values X,Y and Z are defined as
X :=
∫
S(λ)Xλdλ Y :=
∫
S(λ)Yλdλ Z :=
∫
S(λ)Zλdλ
where Xλ, Yλ and Zλ are the color matching functions (a.k.a. CIE-1931 tristimulus
curves) of the human eye displayed in Figure 2.5.
Figure 2.5: CIE-1931 tristimulus curves [42].
2.2.2 Color rendering index
The color rendering index (CRI) is a measure of the color quality of a luminaire in
comparison to a black-body radiator of the same correlated color temperature. Con-
sequently, incandescent light bulbs (which by approximation are black-body radiators)
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always achieve the (maximal attainable) CRI of 100.
For the CRI computation, the reemission spectra of 14 specially defined reference colors
are considered. A detailed description of the mathematical algorithm can be found in
[41].
2.2.3 Luminous flux
Luminous flux F is measured in lumen [lm] and is defined as
F = c
∫
S(λ)V (λ)dλ with c = 683 lm/W.
V(λ) is the spectral photopic luminous sensitivity curve of the human eye [42] displayed
in Figure 2.6.
Figure 2.6: Spectral photopic luminous sensitivity curve of the human eye [42].
2.2.4 Luminosity and luminance
The luminosity I of a light source is measured in candela ([cd]:=[lm/sr]) and is defined
as luminous flux per solid angle:
I = d
dΩ [cd]
However, for large-area light sources (such as OLED), it makes more sense to consider the
luminosity per area: The luminance L is a measure for the brightness of a flat luminaire
16
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per area under a certain viewing angle (measured in [cd/m2]).
L = LA [cd/m
2] where A is the active area of the luminaire.
If not stated different, luminance values denoted in this work were measured in the
forward direction (i.e. normal to the substrate). A typical luminance of OLED is
1000 cd/m2.
2.2.5 Luminous power efficiency
Together with the color coordinates, the luminous power efficiency is the most important
figure of merit for an OLED. Depending on the application, it makes sense to either
consider the power efficiency in a certain direction ηcd/W (e.g. for displays) or the
integrated (over the emitting half-sphere) value ηlm/W (e.g. for general lighting).
ηcd/W =
Luminosity
Electrical power [cd/W]
ηlm/W =
Total luminous Flux
Electrical power [lm/W]
2.2.6 Luminous current efficiency
Due to a strong temperature dependency of charge carrier mobility and injection prop-
erties [25], the drive voltage of OLED is temperature-dependent. Consequently, the
measured luminous power efficiency of an OLED will also depend on the ambient tem-
perature. Therefore, it is often useful to consider the luminous current efficiency instead.
ηcd/A =
Luminosity
Driving current [cd/A]
ηlm/A =
Total luminous Flux
Driving current [lm/A]
2.2.7 True luminous efficiency
The true luminous efficiency of an given spectrum is defined as
ηtrue =
F
P
17
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Here, L is the luminous Flux (measured in lm) and P the radiant Flux (measured in
W). Consequently, the unit of the true luminous efficiency is lm/W. The true lumi-
nous efficiency of an OLED is a measure for the luminous power efficiency that could
(theoretivcally) be obtained if all internal loss mechanism would be overcome.
2.3 Radiometric figures of merit
2.3.1 Internal quantum efficiency
Not all of the charge carrier pairs in an OLED form an exciton which decays radiatively.
The internal quantum efficiency (IQE) specifies the fraction of injected charge carrier
pairs which recombine radiatively. It is defined as
IQE := Number of generated photonsNumber of charge carrier pairs injected into the device
2.3.2 External quantum efficiency
In contrast to the IQE, the external quantum efficiency (EQE) only considers the photons
which are coupled out into air.
EQE := Number of photons emitted into airNumber of charge carrier pairs injected into the device
The EQE can be derived from the measured spectral power distribution S(λ) (measured
in W/nm) and the electric current Iel by means of the formula:
EQE = e
−
hc
1
Iel
∫
λSλdλ
where h is the Planckian constant, c the light speed and e− the elementary electric
charge.
2.3.3 Light out-coupling efficiency
Due to absorption and guided modes (see chapter 5), only a fractional amount of the
light generated in an OLED is coupled out into air. The light out-coupling efficiency
LOE specifies the fraction of generated light and light coupled out into air.
LOE = EQEIQE
18
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2.4 Lifetime
In the on-state, the luminous current efficiency of an OLED typically decreases con-
tinously due to intrinsic degradation [43][45]. The Lifetime of an OLED is commonly
defined as the time until its current efficiency has decreased to 50% of its initial value
[44][45]. Driving an OLED at a higher current decreases its lifetime. The dependecy
of lifetime T and drive current I can approximately be described by the Coffin-Manson
model
LnT = constant
The acceleration facor n typically lies between 1.5 and 2.0 [46][47].
2.5 Organic thin film deposition technology
In order to reduce the cost of OLED lighting to a competitive level, the development of
a high-throughput deposition technology for organic thin films is absolutely crucial. In
the best-case scenario, the deposition technology would combine low cost of ownership,
a high flexibility regarding modifications of the organic layer stack and a high material
usage efficiency. In this section, three different deposition technologies will be introduced.
2.5.1 Vacuum thermal evaporation
At present, vacuum thermal evaporation (VTE) is the most established deposition tech-
nology as well for research as for production of OLED based on small molecules. Research
systems typically consist of a single high-vacuum chamber containing a set of crucibles
for the evaporation of organic materials (Figure 2.7). However, for large-scale produc-
tion, in-line tools consisting of many deposition chambers (one chamber for each organic
layer) are necessary to obtain an appropriate throughput and a high material usage
efficiency [48]. Due to the necessity of different high-vacuum chambers, VTE is often
considered a comparably expensive production technology.
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Figure 2.7: Schematic illustration of a lab-scale VTE tool.
2.5.2 Solution processing
Originally, solution processing was mainly used for the deposition of polymer organic
films (as due to their high evaporation temperature, polymers could hardly be evaporated
in a vacuum chamber without decomposition). More recently, it has been demonstrated
that small-molecule OLED can be effectively processed from solution, too [50].
Solution processing is obviously the cheapest way to process OLED in the lab. Organic
layers can simply be deposited by means of a spin coater (see left side of Figure 2.8).
Figure 2.8: Schematic illustration of coating process on a lab-scale (left) and industrial
scale (right).
20
2 Basics about OLED technology
For mass production, solution processing by means of slot die coating is often consid-
ered the to be the key to a drastic cost reduction since it allows for an ultra high process
speed (see right side of Figure 2.8). However, at first various problems (as for example
the dissolving of already deposited organic layers by the solvent of the following layer)
have to be overcome.
2.5.3 Organic vapor phase deposition (OVPD)
The concept of Organic Vapor Phase Deposition (OVPD) was introduced as a new
method for the growth of organic thin films by Steve Forrest in 1995 [52][54][55]. The left-
hand side of Figure 2.9 schematically shows a lab-scale OVPD system. Organic materials
are transported to a cooled substrate by means of a hot inert carrier gas (typically N2).
The heated chamber walls avoid condensation of organic material elsewhere than on the
(cooled) substrate and thus allow the system to achieve a very high material usage.
Figure 2.9: Schematic illustration of a lab-scale OVPD tool (left) in comparison to a
current production tool (right)
With the aim to employ OVPD for mass production of organic devices, OVPD was
further developed by AIXTRON [51]. Similar to deposition systems for solution pro-
cessing, OVPD systems can be designed so that material sources are separated from the
deposition chamber (as sketched on the right-hand side of Figure 2.9).
A major advantage compared to VTE is that deposition rates in OVPD can be controlled
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not only by the temperature of the organic material but also by means of the carrier gas
flow. The influence of carrier gas flow QS and source temperature TS on the deposition
rate r can be described by the following two formulas [53][54]
r(Ts, Qs) = η · Pvap(Ts)
R · T ·
Qs
1 +Qs/(k ·R · T ) (2.5)
Pvap = P0 · exp
(
− ∆HS
R · TS
)
. (2.6)
Here, P0 is a (material-dependent) constant, ∆HS > 0 the (material-dependent) en-
thalpy of evaporation, R is the universal gas-constant, k is the Stefan-Boltzmann con-
stant and η is a (machine-dependent) constant. Equation 2.6 describes the vapor pressure
of the organic material and is also known as Clausius-Clapeyron equation.
Figure 2.10 schematically shows the influence of carrier gas flow (left) and source tem-
perature (right) on OVPD deposition rate.
Figure 2.10: Influence of carrier gas flow (left) and source temperature (right) on OVPD
deposition rate.
The fact that (below a certain gas flow) the deposition rate scales nearly linearly with
the gas flow (dashed red line) facilitates the deposition rate control. However at higher
gas flow, the deposition rate scales sub-linear with the carrier gas flow, because the
source cell is no longer in equilibrium (vapor pressure < partial pressure) [53][51][39].
Since the gas flow can be switched on and off instantaneously and can even be gradually
varied with high reproducibility (e.g. by means of mass flow controllers), OVPD allows
to realize very complex organic layer stacks [33]. Furthermore, the fact that organic
sources can be switched off completely (by switching off the carrier gas flow) allows to
deposit the complete organic layer stack in only one deposition chamber (whereas in
case of an in-line VTE production tool, at least one deposition chamber for each layer
is needed).
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2.5.4 Comparison of the three deposition technologies
Figure 2.11 gives an overview of the three deposition technologies described above with
respect to their potential to reduce OLED production costs.
Figure 2.11: Comparison of different thin film deposition methods for the OLED
production
At present, VTE is the most established of the three technologies. However, since
VTE production tools require high vacuum in combination with separate deposition
chambers for every single organic layer, its potential to become a low cost production
method is strongly limited.
Solution processing is potentially the cheapest of the three technologies since it allows
to achieve an ultra-high process speed of more than 10 meters per second already today
[49]. Nevertheless, it remains unclear if the complexity of state of the art OLED can be
reduced sufficiently to employ solution processing for OLED production. Furthermore,
technologies as cross linking [50][35][37], surface initiated phase separation [36] or the
use of orthogonal solvents [38][26] have to be qualified.
OVPD production tools for a change, are capable of depositing even more complex layer
stacks than VTE but need only a single deposition chamber [33][40][34][39]. Thus, at
least in the near future, OVPD can be considered a serious contender for the established
VTE technology (especially in terms of production costs).
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lighting
In this chapter, the potential of OLED will be discussed in comparison with state-of-
the-art light sources. Besides general lighting which has been suggested as an OLED
application for several years now, interesting prospects may also lie within the field of
automotive lighting. Thus, this chapter will give a brief overview on the requirements
and challenges which have to be faced to employ OLED not only for general lighting,
but also for automotive lighting.
3.1 General Lighting
3.1.1 Efficiency and Lifetime
The general-lighting market has been dominated by incandescent light bulbs for the last
150 years. In recent years however, novel light sources such as halogen lamps, com-
pact fluorescent lamps (CFL) and (most recently) inorganic LED have gained relevance.
Table 3.1 gives an overview regrading price, efficiency and lifetime of the most common
light sources.
The cheapest product is the conventional light bulb. However, in most cases the poor
efficiency and lifetime will eventually overcompensate the low purchase price (if the cost
of ownership is considered). Furthermore, the color coordinates are limited to the black-
body curve and the color temperature can hardly exceed 2800 K (driving a light bulb
at a higher temperature would decreases its poor lifetime even further).
Halogen lamps basically suffer from the same problems as conventional light bulbs. Nev-
ertheless, due to their improved stability, halogen lamps can be driven at a slightly higher
color temperature (approx. 3000 K) and therefore reach a slightly higher luminous effi-
ciency.
Considering the cost of ownership, CFL pose an attractive alternative as they offer a
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much higher efficiency and lifetime for a reasonable price (see Table 3.1). Unfortunately,
CFL have a relatively unappealing bulky shape and contain the toxic heavy metal mer-
cury.
Inorganic LED can by considered the champions among the available light sources as
they combine high efficiency and long lifetime. However, inorganic LED are still very
expensive and therefore are not a real option for many consumers.
As already mentioned above, some OLED luminaires are already commercially available
but compared to the established luminaires, OLED are still excessively expensive due to
the early state of (industrial) development.
Table 3.1: Comparison of different commercially available luminaires for general lighting
(2011) [11][12][13][14][15][16]
Similar to inorganic LED, OLED can potentially reach efficiencies well above 100 lm/W
[17] as well as a lifetime of more than 10 000 hours [18]. Nevertheless, the cost of OLED
production is expected to fall to about 100 e/m2 until 2015 [19]. Considering a lu-
minance of 1000 cd/m2 (which is often referred to as a lighting-relevant brightness),
production costs of about 0.03 e/lm can be derived. Due to their high purchase price, it
can be concluded that OLED for general lighting will have to compete in a similar mar-
ket segment as their inorganic counterparts. Thus, an efficiency higher than 50 lm/W
combined with a lifetime of 10 000 h will be considered as benchmark in the following.
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3.1.2 Color coordinates and color rendering index
The obtainable efficiency and lifetime of white OLED depend strongly on the color co-
ordinates of the specific device: Warm-white OLED (which emit predominantly in the
red and green wavelength regime) can typically reach much higher efficiencies than cold-
white devices emitting a larger fraction of blue light (the backgrounds will be discussed
in detail in chapter 4). If only color coordinates on the Planckian locus are considered
as white, a rather low color temperature (between 2700 K and 2500 K) will be most
advantageous with respect to the OLED performance [10].
Interestingly, the situation is exactly opposite for inorganic LED due to the so called
green gap which describes the nonexistence of highly efficient green LED [20]. Conse-
quently, the highest chance for OLED to compete with inorganic LED lies in applications
which require a rather low color temperature. However, most available light sources on
the market (see Figure 3.1) exhibit a color temperature of at least 2800 K (standard
illuminant A). Thus, 2800 K will be considered a lower benchmark for the color tem-
perature in the following. Furthermore, a color rendering index (CRI) of at least 75
(according to the ENERGY STAR Program Requirements for Solid State Lighting Lu-
minaires) should be obtained [21].
Figure 3.1: Color coordinates (CIE 1931) of different state-of-the-art luminaires.
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3.1.3 Luminance
The required luminance for OLED lighting is typically considered to be 1000 cd/m2 [19].
Nevertheless, the purchase price per lumen can be reduced drastically if the employed
OLED are driven at a higher brightness. The potential of high-brightness OLED as a
cost-competitive contender even for the well established halogen lamps can be illustrated
by a simple example: A 20 W halogen spot as it is typically used to illuminate kitchens or
bathrooms, generates a luminous flux of roughly 300 lm (if an efficiency of 20 lm/W and
a loss of 25% due to the reflector is assumed). Such a halogen spot can be purchased
at a hardware store for a price of about 10 e. This halogen spot could be replaced
by an OLED lamp with an active area of 10 cm × 10 cm. To achieve the luminous
flux of 300 lm, the OLED must exhibit a luminance of 10 000 cd/m2 (if a lambertian
emission characteristics are assumed). With OLED production costs below 100 e/m2
(as predicted by 2015 [19]), the above described OLED lamp could then be produced for
only 1 e.
However, driving an OLED at an increased luminance leads to a strong decrease of its
lifetime (see chapter 2). For example: Increasing the luminance of an OLED by one order
of magnitude will reduce the lifetime by a factor of 30-100. Furthermore, OLED exhibit
a lower efficiency when driven at higher current levels. This effect is often referred to
as efficiency roll-off or droop. So according to the application, a compromise between
luminance, luminous efficiency and lifetime has to be found. Thus, within this work, the
luminance benchmark for general-lighting OLED without improved light out-coupling
(see chapter 5) will be considered 1000 cd/m2.
3.2 Automotive lighting
Another interesting OLED application may be given by automotive rear lights. Com-
pared to OLED for general lighting, OLED for automotive applications have to meet var-
ious specifications regarding color, luminance, angular emission characteristics, switching
behavior, temperature stability etc. This section will not discuss all of these requirements
but rather focus on color coordinates, efficiency and lifetime.
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3.2.1 Efficiency and Lifetime
Private cars are typically only in use for about one hour per day and in most countries,
car lights are used only in the dark. Consequently, automotive OLED with a lifetime
of only a few thousand hours may already outlive the vehicle. For specific applications
as indicator or stop lights, an even shorter lifetime of only several hundred hours is
sufficient. Furthermore the luminous efficiency should be higher than 3 lm/W (which
corresponds to a 15 lm/W light bulb combined with a red color filter with a transmission
of 20%) [24].
3.2.2 Color coordinates - ECE specifications
As already mentioned in section 3.1.2, red and yellow OLED typically achieve a much
higher efficiency and lifetime than blue or white OLED. Consequently, within the field of
automotive lighting, rear as well as indicator lights pose a promising OLED application
(OLED rear lights on flexible substrates could be sticked to the carriage at the very end
of the production process of the car).
According to the specifications set by the United Nations Economic Commission for
Europe (ECE), color coordinates of indicator and rear position lights must be within
certain boundaries which are displayed in Figure 3.2.
Figure 3.2: ECE specifications regarding the boundaries of CIE color coordinates for
automotive indicator lights (left) as well as rear lights (right)
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The exact definition of the boundaries according to the ECE regulations is given by:
• Amber: The boundaries are defined by the following equations [22]
Limit towards green : y ≤ x− 0.120
Limit towards red : y ≥ 0.390
Limit towards white : y ≥ 0.790− 0.670 x
• Red: Color coordinates have to lie within the box which is confined by the following
corners [23]
C1(x/y) = (0.665/0.335)
C2(x/y) = (0.7367/0.2653)
C3(x/y) = (0.7164/0.2636)
C4(x/y) = (0.645/0.335)
While an amber OLED may easily be realized by combining various red and green
emitting materials, it is rather challenging to find a the deep-red emitting material
which meets desired color coordinates.
3.3 Luminance
The minimal luminosity (see chapter 2) for automotive rear lights according to the ECE
specifications varies between 4 cd (for rear position lights) and 50 cd (for indicator lights)
[23]. Since the luminance (see chapter 2) is not specified, the required luminosity could
theoretically always be obtained by increasing the active area of the OLED. However,
a realistic benchmark is given by the average rear light luminance of cars that are
on the market already. In [24], 71 cars (which entered the EU-market in 2001) were
considered in order to determine the average luminance of rear lights. As a result the
average luminance was found to be 1100 cd/m2 for rear position lamps, 16 000 cd/m2
for indicator lamps and 30 000 cd/m2 for brake lights, respectively. Among these three,
brake lights will pose the biggest challenge, as high luminance and saturated deep red
color coordinates have to be realized at the same time.
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general lighting
White OLED for general lighting can be realized by combining red, green and blue
emitting materials in a single device. However, due to various loss mechanisms, the
efficiency of these white OLED is significantly lower than a weighted superposition of
the corresponding monochrome device efficiencies suggests. In this chapter, the different
approaches to realize white luminaires based on monochrome OLED will be compared.
4.1 Down-conversion
The concept of generating white light by means of down-conversion is typically used
in state-of-the-art white inorganic LED but can also be employed for white OLED.
Figure 4.1) shows the working principle of a white down-conversion OLED consisting of
a monochrome blue OLED which is coated with thin layers of green and red phosphors.
Figure 4.1: Concept of white OLED based on down-conversion. The blue light generated
within the EML is partly converted by means of red and green phosphors.
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A certain fraction of the blue light which is generated within the blue EML is absorbed
by the phosphors. Due to the Stokes shift, the phosphors can emit the absorbed energy
as photons with a longer wavelength (i.e. green or red). As a result, a white emission
spectrum can be obtained even though only one (blue) emitting material is employed.
In 2011, Lee Jaewon et al. demonstrated a white down-conversion OLED based on the
highly efficient sky-blue phosphorescent emitting material iridium-bis-(4,6,-difluorophenyl-
pyridinato-N,C2)-picolinate (FIrpic) [56]. In combination with a resonant-cavity struc-
ture and a macro extractor (see chapter 5) to improve light out-coupling, the device
reached an efficiency of 47 lm/W and color coordinates of CIE(0.43/0.46) at the lighting-
relevant brightness of 1000 cd/m2. This example shows that it is not unrealistic to
achieve white down-conversion OLED with high luminous efficiency. Unfortunately, the
lifetime of FIrpic is limited to only a few hours (until today, no Firpic-based blue OLED
with a lifetime of more than 10 hours at 1000 cd/m2 has been reported). Even more
stable proprietary blue organic light-emitting materials (phosphorescent and fluorescent)
usually exhibit a lifetime which is more than one order of magnitude shorter than the
one of their red and green counterparts [59]. Thus, before lifetime of blue emitters
will not be boosted by at least one to two orders of magnitude, the concept of down-
conversion OLED will stay rather unattractive, compared to other concepts discussed in
the following.
4.2 Phosphorescent white OLED
The introduction of organic electroluminescent phosphors has laid the foundation for
highly efficient OLED having an IQE close to unity since both singlet and triplet excitons
are being harvested for photon generation [115]. By combining red, green and light-blue
phosphors, highly efficient white OLED have been demonstrated [57][58]. In 2009, S.
Reineke et al. published a white OLED with a record-breaking efficiency of 124 lm/W
(measured at a luminance of 1000 cd/m2)[?]. This device gained significant notice since
in terms of luminous efficiency, it even outperformed fluorescent tubes which typically
have an efficiency of 60-70 lm/W [see chapter 3]. The extraordinarily high efficiency of
this device is attributed to a combination of a very high light out-coupling efficiency (see
chapter 5) and the exclusive use of phosphorescent emitting materials.
While white OLED consisting of phosphorescent blue, green and red emitting materials
have the potential to achieve an IQE close to unity, their lifetime is strongly limited by
31
4 Concepts for white OLED luminaires for general lighting
the poor stability of blue phosphors (among the commercially available materials, there
are no stable blue electroluminescent phosphors yet). However, OLED material suppliers
such as the company Universal Display Corporation (UDC) claim to be in possession of
light blue electroluminescent phosphors enabling a (blue) OLED lifetime of more than
20 000 hours (@ 1000 cd/m2) [59]. Nevertheless, it remains unclear whether the lifetime
of phosphorescent white OLED will ever be able to compete with other concepts such
as fluorescent (see section 4.4) or hybrid white OLED (see section 4.3).
Figure 4.2 shows a sketch of the device structure which was employed by S. Reineke et
al. [?]. Excitons are generated mainly within the blue EML and partly diffuse into the
red and green EML (the extent of exciton diffusion is controlled by means of exciton
blocking layers).
Figure 4.2: Schematic view of a white OLED based on red, green and blue phosphors.
Triplet excitons generated in the blue EML can diffuse into the red and green
EML. Exciton blocking layers can be employed in order to reduce this effect
and enhance blue emission.
4.3 Hybrid white OLED
Due to the poor stability of commercially available blue phosphors, it is a common
approach to combine red and green phosphors with a blue fluorescent emitter in or-
der to obtain not only highly efficient but also stable white OLED [63][64][65][66][67].
Recently (July 2011), the OLED material supplier NOVALED AG even claimed they
had developed a hybrid white OLED with a lifetime of 100 000 hours at a brightness of
1000 cd/m2 [68].
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4.3.1 Triplet exciton management in hybrid white OLED
Triplet exciton diffusion plays an important role for the design of hybrid white OLED.
Triplet excitons diffusing from the phosphorescent red and green EML into the fluores-
cent blue EML of a hybrid white OLED will suffer a non-radiative decay and thus may
drastically reduce the device efficiency [64]. This effect can be avoided if both, matrix
and dopant of the blue EML exhibit a sufficiently high triplet energy level. If however
the triplet energy level of the blue EML is too low, an exciton blocking interlayer with
a sufficiently high triplet energy level must be employed (see Figure 4.3).
Figure 4.3: Left: Schematic device structure of a hybrid white OLED based on red
and green phosphors combined with a blue fluorescent emitter. Right: An
interlayer can avoid triplet exciton diffusion into blue EML
If the triplet exciton level of the blue EML is significantly higher than the triplet
energy level of one of the employed phosphors, triplet excitons generated in the blue
EML (which would normally not contribute to photon generation) can diffuse into the
phosphorescent EML and still decay radiatively. This effect is often referred to as triplet
exciton recycling or triplet harvesting [65][66][67]. Triplet harvesting theoretically bears
the potential to realize hybrid white OLED reaching an IQE similar to that of their
all-phosphorescent equivalents.
4.4 Fluorescent white OLED
The luminous efficiency of white OLED based on fluorescent emitting materials is limited
by the fact that these materials only harvest singlet excitons for the generation of photons
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(see chapter 2). However, regardless of their limited efficiency, fluorescent white OLED
are attractive for many applications as they can achieve a much longer lifetime than their
phosphorescent counterparts. Furthermore, they can reach a very high luminance [60],
since (unlike phosphorescent OLED) they hardly suffer from any current efficiency roll-
off when driven at high luminance [61]. Figure 4.4 shows a typical setup of a fluorescent
white OLED. To optimize light extraction (see chapter 5), it is favorable to arrange the
emissive layer in a way that its distance to the cathode is a multiple of half its specific
emission wavelength. Thus, in terms of light out-coupling, the sequence red-green-blue
(from anode to cathode) is preferably. Due to their short lifetime, singlet excitons can
hardly diffuse between the emissive layers (see chapter 2). Consequently, a separate
charge carrier recombination center for each emissive layer is required.
Figure 4.4: Schematic view of a white OLED based on red, green and blue fluorescent
emitting materials. Due to their short diffusion length, singlet excitons have
to be generated separately in all three EML.
4.5 White OLED consisting of several monochrome units
A white OLED can also be realized by combining different monochrome OLED units in
one device. The monochrome units can either be stacked on top of each other (in the fol-
lowing referred to as stacked white OLED), or can be arranged laterally (in the following
referred to as lateral multi-unit white OLED). The most straightforward approach to
realize an OLED-based white light source is to laterally arrange different monochrome
OLED on one substrate (see left hand side of Figure 4.5). Since every unit of this lateral
multi-unit white OLED can be optimized independently with respect to its efficiency
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and lifetime, this approach allows to achieve a very high efficiency combined with a long
lifetime. Multi-unit white OLED can be color-tunable and furthermore offer the possi-
bility to apply wavelength-specific concepts for improved light out-coupling (ILO) as for
example the systematic use of resonant-cavity effects (see chapter 4).
Figure 4.5: Multi-unit OLED consisting of red, green and blue units combined with a
diffusor (left). White stacked OLED consisting of phosphorescent red and
green as well as fluorescent blue EML (right).
Highly efficient and stable white OLED have also been realized by stacking phos-
phorescent red, phosphorescent green and fluorescent blue units on top of each other,
connected by so called charge generation layers (CGL) which typically consist of a p-type
doped and an n-type doped organic layer [70][71][72][73]. The latter device reached a
an efficiency of 38 lm/W combined with a remarkable lifetime of 100,000 hours. The
concept is shown at the right hand side of Figure 4.5.
Stacking results in a multiplication of EQE and drive voltage at the same time. With
respect of the luminous efficiency, these two effects will roughly compensate each other,
so that stacking will generally not lead to a higher device efficiency.
Since in such a stacked white OLED red, green and blue photons are generated in fixed
proportions (depending on the EQE of the corresponding EML), a very high color sta-
bility vs. luminance can be expected on the one hand, while on the other hand, the
adjustment of the color coordinates is rather challenging.
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OLED
A key factor for efficiency and lifetime improvement of OLED lies in enhancing their light
out-coupling efficiency (LOE). This chapter illustrates the underlying loss-mechanisms,
and will discuss different concepts to improve the poor light out-coupling efficiency of
(bottom-emitting small-molecule) OLED having an ITO anode.
5.1 Loss mechanisms
Even though the IQE of phosphorescent OLED can be close to unity, the corresponding
EQE is typically well below 20% [28] due to the poor out-coupling effciency. The out-
coupling efficiency of an OLED mainly depends on three loss mechanisms:
• Losses due to formation of guided modes
• Losses due to formation of surface plasmon modes
• Absorption losses.
The different loss mechanisms are sketched in Figure 10.1. Due to the significant refrac-
tive index mismatch between small-molecule organic semiconductors (n≈1.8) [78] and
air (n≈1.0), parts of the light generated in the EML will suffer total internal reflection
(TIR) and contribute to guided modes [79][80]. Guided modes mainly arise due to total
internal reflection (TIR) at the interfaces of ITO and glass (n≈1.5) [78] as well as glass
and air. These two interfaces typically pose the two most significant refractive index
mismatches within the OLED. Guided modes in OLED are often classified in two cate-
gories: Modes caused by TIR at the interface between ITO and glass are referred to as
organic modes whereas the so called substrate modes exist due to TIR at the interface
between glass and air.
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Figure 5.1: Loss mechanisms in a conventional phosphorescent bottom-emitting OLED.
The near-field interaction between the emissive dipole and the metal cathode gives
rise to non-radiative energy transfer from the EML to the cathode [83]. Energy losses
caused by this effect are usually referred to as plasmonic losses [84][86][17][85].
Since the employed organic materials (as well as the TCO and the substrate) will never
be fully transparent, the residual light (which does not contribute to surface plasmon
modes or guided modes) is further reduced by absorption.
The proportion of the above described loss mechanisms can be simulated by means of
an integrated optical model as described in [82]. Figure 5.2 shows simulation results of a
simple bilayer OLED consisting of the archetype organic semiconductors NPB and Alq3.
Figure 5.2: Simulation of loss mechanisms (right) as well as corresponding device struc-
ture (left) of a conventional bottom-emitting OLED [74][75].
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Photon generation is assumed to take place at the NPB/Alq3 interface. Since the
results depend strongly on the distance between the emissive dipoles and the cathode,
the simulations were performed for different Alq3 layer thicknesses x. The simulated
direct emission shows local maxima at about 75 nm, 215 nm and 400 nm respectively.
These values roughly correspond to λ4 ,
3λ
4 and
5λ
4 of the emission wavelength of Alq3
(which should lead to constructive interference [100]).
According to the simulation, the fraction of plasmonic losses decreases drastically if
the distance between EML and cathode increases (this can be explained by the limited
reach of the near-field interaction between the emissive dipole and the metal cathode
[83]). Indeed several work groups have demonstrated experimentally that by increasing
the distance between EML and cathode (to about 210 nm), plasmonic losses can be
reduced significantly. In combination with HIS (see section 5.3) an out-coupling efficiency
increase by a factor of about 1.2 was obtained [84][86][17][85].
According to the simulation, the fraction of guided modes (substrate and organic modes)
contribute to about 60% of the overall losses. However, the amount of guided modes
strongly depends on the refractive index of the employed organic materials. By means
of simple ray optics, a relation between the refractive index n and the amount of guided
modes can be derived as follows: Assume that light is generated in a transparent layer
having a refractive index of n1>1 (Figure 5.3).
Figure 5.3: Ray optics at interface.
Following, the light collected in a small solid angle dΩ1 is considered. At the interface
to the surrounding space having a refractive index of n=1, the solid angle dΩ1 increases
to dΩ2.
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Using Snellius law, the following formula for the ratio of solid angles can be derived [79]:
dΩ1
dΩ2
= cos θ
n2
√
n2 − sin2 θ (5.1)
If an isotropic emission within the emissive layer is assumed, the formula predicts that
the emitted light will be approximately Lambertian. Light approaching the interface at
a too oblique angle will be totally internally reflected. For n≈1.8, the formula can be
simplified:
dΩ1
dΩ2
≈ cos θ
n2
(5.2)
If L0 is the luminous flux per solid angle leaving the device directly in the forward
direction, and an isotropic emission within the emissive layer is assumed, the total lu-
minous flux produced within the emissive layer can be derived by means of integrating
equation 1.1:
Ftotal = 2pin2L0 (5.3)
whereas the luminous flux Fext leaving the device directly is:
Fext =
∫ pi/2
0
2piL0cosθsinθdθ = piL0 (5.4)
or if the light reflected from the cathode is taken into account, too (assuming the cathode
to be a perfect mirror):
Fext = 2piL0 (5.5)
Finally, the following rule of thumb can be derived [79]
LOE = Fext
Ftotal
= 2piL02pin2L0
= 1
n2
(5.6)
Here, n is the refractive index of the TCO and the organic layer stack. Assuming a
refractive index of about n=1.8 for ITO and organics, it can be concluded that the
ratio of guided modes of an OLED is about 70% (which is consistent with the above
simulated value of 60%). This simple estimation gives an impression of the enormous po-
tential which lies in the developement of organic semiconducting layers having a reduced
refractive index.
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5.2 Extraction of substrate modes
Substrate modes can be harvested very effectively by attaching an (index-matched)
hemisphere as sketched in Figure 5.4 (left).
Figure 5.4: Extraction of guided modes by means of a macro extractor (left) and a light
out-coupling foil (right)
If the active area of the OLED is small compared to the diameter of the glass half-
sphere, the emitted light hits the glass air interface at a very steep angle which reduces
the internal reflection drastically. By means of such a hemisphere, the efficiency of
a typical bottom-emitting OLED on a soda lime glass substrate can be boosted by a
factor of about 1.8 [86][17]. Index-matched hemispheres (as well as other index-matched
macroscopic forms designed for the extraction of substrate modes) are referred to as
macro extractors. Unfortunately, macro extractors (since they have to be relatively
thick compared to the active area of the device) sacrifice the unique selling point of
OLED being an ultra-thin and lightweight light source .
A way to realize a flat device and extract substrate modes at the same time, is to attach
an index-matched scattering foil onto the substrate surface. All photons which are not
coupled out directly are scattered back into the OLED stack under an arbitrary angle.
After being reflected, they can attempt to leave the leave the substrate again. Obviously,
the effectiveness of this approach depends strongly on the reflectivity of the cathode as
well as on the translucence of the TCO and all employed organic layers. If the employed
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OLED stack exhibits a poor translucence, the generated photons can not attempt to
leave the substrate often before they will be absorbed. Thin index-matched foils having
a microscopically structured surface to extract substrate modes are referred to as light
out-coupling foils. Out-coupling enhancement factors as high as 1.7 have been reported
using out-coupling foils with a micro-lens array shaped surface [88][91][87][89].
5.3 Extraction of organic modes
5.3.1 High-index substrates
The best results in terms of organic mode extraction have been achieved by means of so
called high-index substrates (HIS), having a refractive index which matches organic layers
and ITO. If an index-matched macro extractor is attached to the high-index substrate,
the formation of both organic and substrate modes can be avoided. Figure 5.5 illustrates
the idealized case, in which organic layers, TCO and substrate exhibit exactly the same
refractive index, so that no organic modes will be generated.
Figure 5.5: Idealized concept of OLED with high refractive index substrate and macro
extractor, avoiding the formation of both organic and substrate modes
Based on the concept of HIS, OLED with record efficiencies have been demonstrated
(Table 5.1 gives an overview). However, since high-index glass substrates are rather
expensive compared to conventional soda lime glass and are not available on an industrial
scale, research groups worldwide are searching concepts to improve the out-coupling
41
5 Light out-coupling in bottom-emitting OLED
efficiency of OLED on conventional substrates.
Table 5.1: OLED record efficiencies achieved with HIS [86][17][90]. (*)The overall EQE
of the twofold stacked OLED is 76%, thus an EQE of 38% per unit is assumed
5.3.2 Low-index grid
As mentioned above, it is highly desirable to improve the harvesting of organic modes
without the use of HIS. In 2008, Y. Sun and S. R. Forrest [91] published on a white
OLED with an impressive luminous efficiency of 68 lm/W and an EQE of 34% on a
conventional soda-lime glass substrate in combination with an out-coupling foil attached
to it. To harvest the organic modes, they had implemented a micro-grid consisting of
SiO2 between the ITO layer and the organic layers. The working priciple of this so called
low-index grid (LIG) is displayed in Figure 5.6.
Figure 5.6: Extraction of organic modes by means of an embedded micro-grid having a
low refractive index.
Guided organic modes are interrupted and coupled out into the substrate by means of
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the so called Low-Index Grid (LIG) having a refractive index which is low compared to
the organic materials. Compared to the reference device without LIG, Sun and Forrest
observed an out-coupling improvement factor of 1.37. Simulations suggest that even
higher improvement factors could be obtained if a LIG with an even lower refractive
index was used [92].
Due to the absorption of the organic materials, the LIG has to have a lattice constant
about as small as 5 µm. Consequently, regardless of the impressive reported out-coupling
improvement, it remains questionable whether the elaborate structuring process of a LIG
can be accordable with the ambitious production-cost targets of the OLED industry.
5.4 Resonant-cavity OLED (RC-OLED)
The orientation of the light emitting dipoles within the EML of an OLED does not
exactly follow an isotropic distribution. It has been observed that in certain material
systems, molecules tend to align with a preferential angle to the substrate. Ideally, this
alignment can lead to a reduced formation of guided modes since the resulting orienta-
tion of the electromagnetic field can reduce TIR [96].
However, even if the molecule orientation is completely random, the spontaneous emis-
sion rate of the molecules is influenced by the optical mode density within the OLED
which forms a weak microcavity. The coupling of spontaneous emission and mode den-
sity is often referred to as Purcell effect since is was discovered by E.M. Purcell in 1946
that spontaneous emission rates of (paraffin-) molecules can be influenced by placing
them in a in a resonant cavity [94]. The enhancement can be described by the so called
Purcell factor [95]
FP =
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λ3c
n
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Q
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Here, (λc/n) is the specific emission wavelength within the material, Q the quality factor
and V the mode volume of the cavity.
For conventional bottom emitting OLED the effect is rather insignificant. However, if
additional reflective layers are introduced at the anode side, a more pronounced cavity
can be obtained so that the mode density can become strongly angle dependent. OLED
comprising additional layers which are dedicated to cause microcavity effects are referred
to as resonant-cavity OLED (RC-OLED) [93]. Figure 5.7 illustrates the typical device
structure of a RC-OLED.
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Figure 5.7: Schematic device structure of RC-OLED.
A semitransparent mirror is introduced at the anode side of the organic layer stack, so
that together with the reflective cathode, an enhanced microcavity is formed. By system-
atically tuning of the microcavity, the mode density within the OLED can be modified.
Due to the Purcell effect, the mode density has an impact on the emission pattern of the
light-emitting dipoles [94]. By carefully tuning the microcavity, the emission pattern of
the radiating dipole can be modified to emit mainly in a direction perpendicular to the
substrate. Consequently, the formation of organic modes is reduced and a larger portion
of the generated light will couple to the glass substrate.
The semitransparent mirror is typically realized by means of a distributed Bragg reflec-
tor (DBR) [101][102][103][104][105][106][108] or a thin metal layer [99].
Figure 5.8 schematically shows the working principle of a DBR.
Figure 5.8: Working principle of a Distributed Bragg Reflector (DBR).
A DBR is a stack of transparent layers with alternating refractive index. At the inter-
faces between high and low index layers, the incident light is partly reflected (suffering
a phase shift of pi when reflected at a high index layer and no phase shift when reflected
at a low index layer). The reflectivity of the DBR increases with an increasing number
of layers (or with an increasing refractive index mismatch). To achieve constructive in-
terference, the (optical) thickness of the single layers has to be roughly one quarter of
the wavelength of the reflected light (in order to fulfill the Bragg condition [100]). As a
consequence, a DBR as displayed in Figure 5.8 exhibits a high reflectivity only within a
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narrow wavelength band. A detailed description on the theory of DRB can be found in
[100].
Before the first RC-OLED were realized, the concept had already been employed for
inorganic LED: In 1992, E. F. Schubert et al. realized the first RC-LED at AT&T Bell
Laboratories in New Jersey [97]. Four years later, R. H. Jordan et al. demonstrated
a green RC-OLED with a strongly enhanced light emission in forward direction [98].
Since then, research groups worldwide have examined the light extraction potential of
RC-OLED [101][102][103][104][105][106][108]. Nevertheless, in almost all of these publi-
cations, an enhancement is reported only in forward direction, whereas the overall EQE
even decreased. Thus, it was quite a breakthrough when in 2008, Rico Meerheim et al.
reported on a red phosphorescent RC-OLED with an EQE of 25.5% [99].
5.5 Comparison of different light extraction methods
Table 5.2 gives an overview of the light extraction methods described in this chapter. The
corresponding EQE values represent the maximum values reported in current literature.
(Since the values partially originate from different publications, they can be compared
only with proviso.)
Table 5.2: Maximum reported EQE values for different light extraction methods
[99][91][86][17].
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5.6 Molecular orientation
Recent publications suggest that (in addition to the above described light extraction
methods) an improved light out-coupling could also be obtained due to a molecular
orientation in the EML [109][110][111][112]. It is proposed that molecular orientation
leads to non-isotropic emission characteristics within the EML. An overview of the recent
studies on molecular orientation in OLED can be found in [109]. In the ideal case, this
could some day make the above described light extraction methods obsolete.
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This chapter describes the experimental setup and methods used in this work. First, the
employed OLED deposition cluster will be described, followed by device characterization
and substrate preparation methods.
6.1 OLED deposition cluster
Figure 6.1 shows the schematic experimental setup. A handler chamber connects the
OVPD module to a glovebox and a high vacuum chamber. Thus, it is possible to consec-
utively deposit organic and metal or metal-oxide layers without breaking the vacuum.
Figure 6.1: Schematic setup of the deposition cluster for the fabrication of a complete
OLED with OVPD-processed organic layers.
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6.1.1 OVPD Gen-1 module
All organic layers within the scope of this work were deposited by means of an AIXTRON
Gen-1-OVPD-System with a maximum substrate size of 15 cm x 15 cm. Figure 6.2
shows the OVPD deposition chamber.
Figure 6.2: AIXTRON Gen-1-OVPD module
The deposition chamber contains an actively cooled substrate holder and a showerhead
which distributes the carrier gas over the substrate in order to obtain a homogeneous
layer thickness. Shadow masks are placed on the substrates to achieve material deposi-
tion in destinated areas only. An automatic mask rotation mechanism allows to rotate
the shadow mask in 45◦ steps. The 6 furnaces each contain two vertical container sources
(VCS) for the evaporation of organic materials. The maximum furnace temperature is
400◦C. The deposition chamber can reach a minimum base pressure (if the throttle valve
is fully opened) of 3.8 x 10−3 mbar. The pressure increase (with closed throttle valve
and no carrier gas feed-in) is below 0.4 x 10−3 mbar/min.
If not stated other, all organic layers in this work have been deposited at a deposi-
tion chamber pressure of 0.9 mbar, a substrate coolant temperature of 0◦C and a total
N2 flow of 1000 sccm.
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6.1.2 Upgrade 1 (2008)
At the beginning of this work, the following upgrades of the OVPD module have been
accomplished:
• To improve the thermal coupling of substrate and chiller, an electrostatic chuck
(ESC) was implemented. The ESC generates a clamp voltage of 7.5 kV in order
to press the substrate against the chiller.
• A shutter system was implemented to protect substrates from thermal radiation of
the hot showerhead during loading and unloading. Furthermore, the shutter could
prevent particles falling from the deposition chamber lid onto the substrate.
• An actively cooled diffusion barrier was added, to prevent cross-contamination due
to re-evaporation of organic material from chamber walls.
6.1.3 Upgrade 2 (2010)
In the second half of 2010, another three upgrades were implemented:
• A novel evaporation module was connected. The module contains two AIXTRON
horizontal tube sources (HTS) which allow to change organic materials without
cooling down of the whole OVPD system.
• In [39], it was found that aluminum parts in the OVPD system tend to react with
organic p-type dopants. Thus, mixing unit and showerhead (both consisting of
aluminum) were replaced by stainless steel ones.
All devices discussed in chapter 7 were processed in the time between Upgrade 1 and
Upgrade 2, whereas the devices discussed in chapter 8 were processed after the accom-
plishment of Upgrade 2.
Figure 6.3 shows a schematic illustration of all implemented upgrades in the deposition
chamber except for the shutter system.
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Figure 6.3: Schematic illustration of the performed upgrades on the AIXTRON Gen-1-
OVPD module. Actively heated or cooled parts are illustrated red and blue,
respectively.
6.2 Cleaning and plasma-activation of substrates
Prior to processing, substrates were cleaned by means of scrubbing in de-ionized water
in an automatic treatment train. Following, substrates were activated for 5 min in an
O2-plasma barrel at 400 W power and an operating pressure of 1.3 mbar. It has been
demonstrated that plasma activation can increase the ITO work function to values well
above 5 eV [121][122][123]. However, in this work substrates were stored out of the
glovebox for up to 30 min in after the plasma treatment prior to processing (which
can revoke the effect of plasma treatment [121]). Therefore the value of the ITO work
function prior to the deposition of the organic layers was not known. To simplify matters,
an ITO work function of 4.7 eV will be assumed throughout this work.
6.3 Characterization
Thicknesses of organic layers were determined by means of spectroscopic ellipsometry us-
ing a α-SETM (J. A. Woollam Co., Inc.) with a wavelength regime from 380 to 900 nm
and a fixed incidence angle of 70◦. All measurements were performed on silicon sub-
strates using a Cauchy model.
For luminance measurements in forward direction, a Minolta LS-110 Luminance Meter
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in combination with a Keithley 2400 Source Meter was employed.
Spectra were recorded by means of an Instrument Systems CAS 140CT spectrometer in
combination with a Keithley 2400 Source Meter.
IVL and lifetime measurements were carrier out using calibrated photodiodes. (The
Minolta LS-110 Luminance Meter was used for calibration).
Angle-resolved spectra were recorded using a gonio-spectrometer. To confine the light
emitting area, a circular aperture with a diameter of 5 mm was attached to the OLED.
Integrated spectra were measured in an BaSO4-coated Ulbricht-sphere. To extract
guided substrate modes, an index-matched hemisphere was coupled to the substrate
using a index-matching fluid purchased from Cargille Labs.
6.4 Substrates
Except for the RC-OLED discussed in chapter 8, all OLED substrates employed in this
work have a size of 15 cm × 15 cm and consist of 0.7 mm display glass, covered with
150 nm indium tin oxide (ITO). Substrates were supplied (already structured and pre-
cleaned). After the deposition of the OLED layer stack, substrates were encapsulated
and cut. Figure 6.4 shows the three different OLED layouts with an active area between
1 and 23 cm2.
Figure 6.4: Photo of the three different OLED layouts employed in this work.
Within the scope of this work, the deposition rates of most employed materials could
be significantly increased due to an improved understanding of growth-relevant process
parameters (e.g. substrate temperature). Consequently, the cycle time (i.e. the process
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time needed to deposit the full organic layer stack) was reduced to about 10 minutes.
Thus, the number of experiments which could be performed within a certain time was
mainly limited by manual handling as well as the evaporation of the metallic cathode
in the high-vacuum chamber. To exploit the full potential of this improved cycle time,
an 8-fold substrate allowing to perform 8 independent experiments within one run was
developed. Figure 6.5 shows a substrate after deposition of the OLED-stack.
Figure 6.5: 8-fold R&D substrate after processing.
Each segment consists of 2 pixels with an active area of 1 cm2 each. The independent
coating of the 8 segments is achieved by an automatic rotation of the shadow mask
between the single experiments. To avoid a contact between the active area and the
shadow mask, a spacer mask had to be employed (see Figure 6.6).
Figure 6.6: Working principle of 8-fold deposition for R&D purpose.
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monochrome and white OLED
First approaches of processing white OLED by means of OVPD have been performed by
P. v. Gemmern [39] in 2007. However, the obtained device performance was comparably
poor: At a luminance of 1000 cd/m2, the luminous efficiency of the OVPD-processed
OLED was well below 2 lm/W, whereas the VTE reference device showed an efficiency of
about 6 lm/W [39]. Regardless of the under-performing OVPD-processed OLED, even
the luminous efficiency of the VTE reference OLED lies almost one order of magnitude
below the benchmark of 50 lm/W which was set in chapter 3.
In order to realize a highly efficient white OVPD-processed OLED, more advanced mate-
rials have to be qualified for OVPD. In this chapter, a group of high-performance OLED
materials will be examined, with respect to their applicability in an OVPD production
tool.
7.1 Electron transport materials
In order to boost OLED efficiency, it is crucial to minimize the voltage drop over ETL
and HTL, respectively. A common approach is to employ electrical doping [116][93][17].
However, earlier experiments have shown that to successfully integrate electrical doping
in the AIXTRON Gen-1 OVPD system, several hardware upgrades (including the im-
plementation of a stainless steel showerhead) are required [39]. Consequently, when this
work was started, the standard ETL material for OVPD-processed OLED was still the
(undoped) archetype organic semiconductor tris-(8-hydroxyquinoline) aluminum (in the
following referred to as Alq3). Due to its poor electron mobility, OLED with an ETL
consisting of Alq3 require a comparably high drive voltage [39][114]. Another drawback
of employing Alq3 as an ETL for OVPD-processed OLED is that best results are ob-
tained for a rather high coolant temperature (TC ≈ 55◦C) which is not compatible with
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the rather low coolant temperature (TC ≈ 0◦C) required for a homogeneous layer growth
of most other employed materials [114] (since a readjusting of the substrate temperature
during the process would increase its cycle time).
To reduce the drive voltage of OVPD-processed OLED without the use of electrical dop-
ing, a new high performance ETL material was tested. Since the material is proprietary,
it will be referred to as ETM001. Replacing Alq3 by ETM001 led to a lowered drive
voltage in case of all examined OLED. Furthermore, it was found that ETM001 allows
to set the coolant temperature at 0◦C and to deposit at high rates of up to 0.63 nm/s
without any negative impact on device efficiency or lifetime.
The most pronounced improvement was observed in case of blue fluorescent OLED. A
comparison of blue fluorescent OLED with an ETL consisting of Alq3 and ETM001,
respectively is shown in Table 7.1. The corresponding device structure is displayed at
the right hand side of the table. Luminous efficiency, drive voltage and color coordinates
were measured at a current density of 13.3 mA/cm2 which (in case of the device com-
prising ETM001) corresponds to a luminance of 1000 cd/m2. All layers were deposited
at TC = 0◦C except for Alq3 which was deposited at TC = 55◦C.
Table 7.1: Comparison of blue fluorescent OLED with an ETL consisting of Alq3 and
ETM001, respectively. Measurements were performed at a current density of
13.3 mA/cm2 which (in case of the device comprising ETM001) corresponds
to a luminance of 1000 cd/m2
The OLED with ETM001 exhibits a luminous power efficiency of 5.8 lm/W which is
61% higher compared to the reference OLED with Alq3. The improvement can mainly
be attributed to a reduced driving voltage. However, if ETM001 is used instead of Alq3,
a higher current efficiency as well as an improved color saturation can be observed. These
observations will be discussed in section 7.3.
Figure 7.1 shows luminous efficiency (right) as well as IV curves (left) of blue fluorescent
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OLED with with an ETL consisting of Alq3 and ETM001, respectively.
Figure 7.1: Comparison of blue fluorescent OLED with an ETL consisting of Alq3 and
ETM001, respectively
The difference between the two devices in terms of the drive voltage required to obtain
a certain current density increases with the current density: At a low current density of
0.1 mA/cm2, the voltage gap is only about 0.5 V. However, to reach a current density
of 13.3 mA/cm2 (which corresponds to a luminance of 1000 cd/m2 in case of the device
comprising ETM001), the OLED with ETM001 requires a drive voltage which is 1.4 V
lower compared to the OLED with Alq3. As a consequence, the relative improvement
in terms of luminous power efficiency at 1000 cd/m2 is as high as 61% while the relative
improvement of the peak efficiency is only about 40% (see right hand side of Figure 7.1).
Considering that the HOMO-LUMO gap of the matrix material SMB013 is about 3.0 eV
(see appendix), it can be concluded that with ETM001, the drive voltage at 1000 cd/m2
is only 0.7 V higher than the theoretical limit.
7.2 Phosphorescent Emitting Materials
Efficient red and green electroluminescent phosphors are a key element for hybrid white
OLED. In order to obtain a highly efficient white OLED, the employed phosphors should
exhibit an internal conversion efficiency close to unity which corresponds to an EQE of
about 20% (see chapter 5). Furthermore, the EL spectrum of the red and green phosphor
should match as good as possible with the tristimulus curves Xλ and Yλ (see chapter 2).
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In the following, three red phosphors as well as two green phosphors will be tested and
compared. Namely the three commercially available phosphors
• Tris(1-phenylisoquinoline) iridium (III) [Ir(piq)3]
• Iridium(III)bis[2-methyldibenzo-(f,h)quinoxaline](acetylacetonate) [Ir(MDQ)2(acac)]
• Tris(2-phenylpyridine)iridium (III) [Ir(ppy)3]
as well as the two proprietary phosphors (supplied by Merck OLED Materials)
• TEG020
• TER031.
While Ir(ppy)3 has already been deposited by means of OVPD by P. v. Gemmern [39],
the other four phosphors have not been deposited by means of OVPD before. The
molecular structures of the three commercially available phosphors (including Ir(ppy)3)
are displayed in Figure 7.2.
Figure 7.2: Molecular structure of iridium-based organic electroluminescent phosphors.
All three molecules comprise an Ir central atom which is surrounded by different
ligands based on the typical benzene rings. As already mentioned in chapter 2, the Ir
atom is the major cause for the phosphorescence of these materials due to the strong
spin-obit coupling between the nuclear spin of the Ir atom and the itinerant electrons in
the benzene rings of the ligands [115].
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7.2.1 Device structures of phosphorescent OLED
With respect to the different triplet energy levels of the phosphors (see appendix), two
different device structures were employed. Both structures are displayed in Figure 7.3.
For the red emitters Ir(MDQ)2(acac), Ir(piq), TER031 and TER012, a cross-faded ma-
trix (see chapter 2 section 2.1.4) consisting of (the predominantly hole conducting mate-
rial) NPB and the (predominantly electron conducting material) TMM004 is employed.
The value of the triplet energy level of Ir(ppy)3 lies above the one of NPB, which would
prevent a transfer of triplet excitons from NPB to Ir(ppy)3. Therefore, Ir(ppy)3 is doped
into a double emission layer matrix consisting of (the bipolar conducting host material)
CBP and TMM004.
The triplet energy level of the green phosphor TEG020 was not available, therefore the
phosphor was tested in both matrix structures. NPB and ETM001 are used as HTL and
ETL, respectively.
Figure 7.3: Device structure for low triplet energy phosphors (left and middle) and high
triplet energy phosphors (right).
7.2.2 Efficiency and electroluminescence spectra
The top right part of Figure 7.4 shows the color coordinates of the six phosphorescent
OLED in a CIE diagram together with the color boundaries according to the ECE
specification limits (see chapter 3) for automotive rear lights and indicator lights, re-
spectively. The color coordinates of Ir(piq)3 fulfill the ECE specifications for rear lights
(see chapter 3). None of the phosphors fulfills the specifications for indicator lights.
However, by combining TER031 (or Ir(MDQ)2(acac) with Ir(ppy)3 (or TEG20) the
ECE-specifications for indicator lights can be achieved. Possible device structures for
such two-color yellow OLED are discussed in [40].
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Figure 7.4: EL spectra (top left), color coordinates (top right) and luminous current
and power efficiency (bottom) of various phosphorescent emitting materials
(measured at 1000 cd/m2).
The bottom part of Figure 7.4 shows the luminous current efficiency (left) and power
efficiency (right). Especially the green Ir(ppy)3-based device exhibits the typical current
efficiency roll-off (see chapter 2), whereas the four devices with cross-faded matrix exhibit
only a minimal efficiency roll-off of less than 15%. The comparably low current efficiency
roll-off can partly be attributed to the broad recombination zone caused by the cross-
faded matrix (see chapter 2). A detailed discussion on the influence of the employed
matrix concept on the roll-off behaviour can be found in [40].
The top left part of Figure 7.4 shows the EL spectra, of all six phosphorescent OLED.
Compared to Ir(ppy)3, the green phosphor TEG020 exhibits a broader emission spectrum
and color coordinates which are shifted towards yellow. If TEG020 is doped into the
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wide-bandgap matrix (consisting of CBP and TMM004), its emission spectrum is green-
shifted compared to when doped into the low-bandgap matrix (consisting of NPB and
TMM004). It is concluded that the triplet energy level of TEG020 is higher than the one
of NPB which would prevent an energy transfer from NPB to TEG020. Consequently,
the overlap of the density of states (DoS) makes it more likely that states with a lower
energy get excited than states with a high energy (see Figure 7.5).
Figure 7.5: Endothermic energy transfer from NPB to TEG020.
The assumption of an unfavorable matching of triplet energy levels of NPB and
TEG020 is substantiated by the fact that the peak luminous efficiency is about 2.5
times higher if the wide bandgap matrix is employed (Figure 7.4). However, regardless
of the employed matrix, TEG020 exhibits a significantly lower EQE (see Table 7.2) than
the commercially available phosphor Ir(ppy)3.
Table 7.2: Color coordinates, luminous efficiency and EQE of different phosphors (mea-
sured at 1000 cd/m2). (*) Reference data from [39].
Furthermore, TEG020 exhibits a more pronounced efficiency roll-off (Figure 7.4) which
could be an indication for longer triplet lifetimes caused by an insufficient spin-orbit cou-
pling with the central atom. Thus, it was decided to stick to Ir(ppy)3 in the scope of
this work.
Among the red phosphors, the proprietary phosphor TER031 exhibits the highest EQE of
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17.5 %. Due to their high EQE combined with the fact that their emission peak is located
closed to the maximum of the tristimulus curve max(Xλ) ≈ 600 nm (see chapter 2),
both TER031 and Ir(MDQ)2(acac) are good candidates for a hybrid white OLED. Be-
sides their aproximately 2.5-fold higher EQE, TER031 and Ir(MDQ)2(acac) have the
advantage that in contrast to the rather inefficienct TER012 (which was employed by
P. v. Gemmern [39]), they showed now signs of degradation in the OVPD source even
after beeing kept at evaporation temperature for more than one year.
The deep red emitting Ir(piq)3 however, is an interesting candidate for automotive rear
lights, as its color coordinates fulfill the ECE specifications described in chapter 3.
7.2.3 High deposition rates using TER031
In order to obtain shorter cycle times, deposition rates of organic layers were increased
throughout this work. When TER031 was deposited at higher rates, an interesting be-
havior could be observed. At (emitter) deposition rates r below 0.003 nm/s, OLED with
a homogeneous luminance were obtained, whereas deposition rates well above 0.015 nm/s
led to a complete device failure. At an emitter rate of about 0.012 nm/s (which is the
critical point between these two regimes), an inhomogeneous blurry luminance distribu-
tion combined with a poor device efficiency was observed. Figure 7.6 shows photos of
OLED processed with a TER031 rate of 0.002 nm/s and 0.012 nm/s, respectively, in the
on-state.
Figure 7.6: Blurry luminance distribution of red OLED processed with a high TER031
deposition rate (right) in comparison to that of an OLED processed with a
low TER031 deposition rate (left).
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Since higher deposition rates correlate with a higher concentration (and therefore a
higher partial pressure) of TER031 in the carrier gas, it is suggested that this effect
arises from the formation of TER031 clusters in the boundary layer [39] as sketched in
Figure 7.7.
Figure 7.7: Supposed cluster formation of TER031 at high rates due to supersaturated
carrier gas.
The arising TER031 clusters would drastically promote triplet-triplet annihilation
(TTA), resulting in a non-radiative decay of almost all generated excitons. Within this
work, no ultra-high deposition rates could be accessed. However, it should be investi-
gated if the observed effect (which in this work was only observed for TER031) also occurs
with other electroluminescent phosphors as for example Ir(ppy)3 or Ir(MDQ)2(acac).
To substantiate the above described theory of cluster formation in the gas phase, it
should be investigated if the effect can be eliminated by means of a (much) higher total
gas flow, which should cut back the concentration (i.e. the partial pressure) of TER031.
Another promising approach could be to increase the temperature of the showerhead in
order to suppress cluster formation. However, even if it is not possible to increase the
deposition rates this way, TER031 could still be suitable for OLED production by means
of OVPD, since the EML is typically only 10-20 nm thick [99], so that high deposition
rates are less important for the comparably thin EML than for HTL and ETL.
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7.3 Fluorescent Emitting Materials
In addition to the red and green emitter materials examined above, an efficient blue
emitter is required in order to develop a white OLED. The blue emitter should offer
a high EQE combined with an emission spectrum which matches as good as possible
with the tristimulus curve Zλ (see chapter 2). In the following, the three proprietary
fluorescent emitting materials SEB108, SEB115 and SEB125 supplied by Merck OLED
Materials are examined. Figure 7.8 shows the employed device structure as well as the
corresponding HOMO and LUMO energy levels (see Appendix).
Figure 7.8: Device structure (left) with corresponding HOMO and LUMO energy levels
(right) for blue fluorescent emitters.
NPB and ETM001 are used as HTL and ETL, respectively. SMB013 (supplied by
Merck OLED Materials) is used as a host material for all 3 emitters. The dopant
concentration of SEB115 and SEB108 was 5%. The dopant concentration of SEB125
was only 2% because the corresponding source temperature could not be increased high
enough (since another source container with a temperature-sensitive material was placed
in the same oven).
The low HOMO energy level of SMB013 creates an energetic hole barrier of 0.5-0.7 eV
at the interface of HTL and EML, whereas the LUMO energy level of SMB013 is aligned
with the LUMO energy level of the ETL. It can be concluded that within the EML, holes
are transported mainly by the dopant, whereas electrons are predominantly transported
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by the host material SMB013 (Experiments with unipolar devices substantiate this con-
clusion). Due to the low dopant concentration of 2% and 5%, respectively, the mobility
of holes within the EML is assumed to be small compared to the electron mobility, so
that in the EML, an electron excess is induced. Consequently, charge carrier recombi-
nation will take place mostly at the interface of HTL and EML. Having that in mind,
the thickness of the EML was set to 20 nm, so that the distance between recombination
zone and reflecting cathode is about 14nλblue (where λblue is the peak wavelength of
the tristimulus curve Zλ and n≈ 1.8 the refractive index of the organic materials) in
order to improve light out-coupling (see chapter 5). Figure 7.9 shows EL spectra, color
coordinates and IVL curves of all three fluorescent OLED.
Figure 7.9: Color coordinates, EL spectra (at 1000 cd/m2) and luminous efficiency of
fluorescent blue OLED comprising different blue fluorescent materials.
(*): Reference data from [114].
(**): Reference data from [39].
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The color coordinates of SEB097 (used in [114]) and SEB020 (used by P. v. Gemmern [39])
are given for comparison. In contrast to the rather light-blue color of SEB108, the two
emitters SEB115 and SEB125 show a very saturated deep-blue color and a good match
with the tristimulus curve Zλ.
The EL spectrum of SEB125 exhibits a pronounced double peak (see top left of Figure 7.9).
Since all three emitters were embedded in the same device structure, the double peak
cannot be attributed to optical interference effects and is assumed to be linked to the
molecular structure of SEB125 (which has not been disclosed by Merck OLED).
The luminous power and current efficiency achieved with SEB108 (see bottom of Figure 7.9)
is more than 30% higher than ones of the deep-blue emitters SEB115 and SEB125. The
higher luminous efficiency of SEB108 can be attributed to its light-blue spectrum which
leads to a better match with the spectral photopic sensitivity curve of the human eye
(see chapter 2).
Table 7.3 shows color coordinates, luminous efficiency and EQE of the three new fluores-
cent emitters in comparison to the previously employed dopants SEB020 and SEB097.
Table 7.3: Color coordinates, luminous efficiency and EQE of different fluorescent emit-
ters (measured at 1000 cd/m2)
(*): Reference data from [114]
(**): Reference data from [39]
(***): Device structure optimized with respect to EQE
The three new emitters SEB108, SEB115 and SEB125 exhibit a surprisingly high
EQE of up to 6.6%. The employed device structure (Figure 7.8) was optimized with
the constraint that a saturated deep-blue color was desired. However, for SEB115, a
comprehensive optimization of the layer stack with the objective to reach an EQE as
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high as possible was performed as well. As a result, it was found that increasing the
concentration of SEB115 within the first 10 nm of the EML, combined with a reduction
of the HTL thickness to only 60 nm, leads to a less saturated light-blue color but an even
higher EQE of 7.9%. This is a remarkable result, as the obtained EQE clearly exceed
the classical theoretical limit of 5% for fluorescent emitters (see chapter 2). Due to its
high EQE and deep-blue color, SEB115 is well suited for white OLED. Possible reasons
for the suprisingly high EQE will be discussed in the follwing.
7.3.1 Triplet-triplet annihilation in fluorescent OLED comprising SEB115
With respect to its surprisingly high EQE, the out-coupling efficiency (OCE) of the
OLED comprising SEB115 device was simulated using LightEx [74]. The result is that
even with further optimization of the ETL thickness (the HTL thickness hardly influences
the OCE), an OCE of 19% could not be exceeded. Consequently, the IQE has to be
higher than 41% according to the following estimation:
IQE = EQEOCE ≥
7.9%
0.19% = 41.6%
Since due to spin statistics only about 25% percent of the electrically excited states are
singlet excitons (see chapter 2), such a high IQE can only be obtained if triplet excitons
contribute to the electroluminescence, too.
In order to understand the mechanisms leading to the surprisingly high EQE, a closer
look at the energy transfer mechanisms between SMB013 and SEB115 is taken in the
following:
For both emitters SEB115 and SEB108, an interesting correlation between color coor-
dinates and HTL thickness was observed: With an increasing HTL thickness, OLED
exhibit narrowed emission spectra and a more saturated color (see Figure 7.10).
The observed color shift towards deep-blue is even stronger if an additional 10 nm CBP
layer is inserted between HTL and EML. The resulting OLED exhibits an even narrower
spectrum and ultra-deep-blue CIE color coordinates of 1.14/1.11 (see Figure 7.10).
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Figure 7.10: Correlation between color coordinates and HTL thickness.
Simulations (using LightEx) suggest that the observed color shift does not originate
from optical interference effects, since the HTL thickness hardly impacts the shape of
the emission spectrum (in contrast to the ETL thickness).
However, a thicker HTL will change the charge carrier balance within the EML in favor
of electrons. The inserted 10 nm CBP layer between HTL and EML will intensify the
hole shortage even further, since CBP creates a distinct energy barrier for holes due to
its low HOMO energy level. Thus, it is concluded that an electron excess in the EML
leads to a color shift towards deep-blue. To understand this effect, a more detailed look
at the photon-generating mechanisms in the EML has to be taken. Photon generation
in the EML can occur in three different ways:
• Singlet excitons can be generated directly on the dopant SEB115 and decay radia-
tively. Since SEB115 has a HOMO-LUMO gap of only 2.9 eV, this will result in a
rather light-blue emission.
• Singlet excitons can be generated on the host SMB013 and and decay radiatively.
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Due to the larger HOMO-LUMO gap (of 3.0 eV), this will lead to a rather deep-
blue emission.
• Singlet excitons can be generated on the host SMB013 followed by a Förster trans-
fer to the dopant and then decay radiatively, which will also result in a rather
light-blue emission.
The charge carrier balance within the EML can influence the ratio of exciton formation
as sketched in Figure 7.11.
Figure 7.11: Exciton formation in blue fluorescent OLED with an excess of electrons
(left) and holes (right), respectively
If there is an excess of electrons (as sketched in the left hand side of Figure 7.11), it is
suggested that all holes penetrating the EML will directly form excitons with electrons
(which are all located on SMB0013 molecules) so that the majority of excitons form on
the host material SMB013. (The electric field caused by the electron excess, will reduce
the energetic step between the HOMO energy levels of ETM001 and SEB115.)
Whereas, if there is an excess of holes within the EML (as sketched in the right hand
side of Figure 7.11), holes will be transported on the dopant SEB115 until they meet an
electron. Then, it is energetically favorable for excitons to form on the dopant. (In this
case, the electric field caused by the hole excess will reduce the energetic step between
the LUMO energy levels of NPB and SEB115.)
Besides by means of varying the HTL thickness, the ratio of exciton formation on
SMB013 and SEB115 can also be modified by the dopant concentration of SEB115:
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A lower SEB115 concentration will reduce the hole mobility within the EML even fur-
ther and will reduce the probability of a Förster transfer from SMB013 to SEB115.
Thus, a lower SEB115 concentration should also lead to a color shift towards deep-blue.
Figure 7.12 shows the EL spectra of blue OLED with SEB115 concentrations varying
between 1 and 100%.
Figure 7.12: Correlation between color coordinates and doping concentration of SEB115.
To prevent a total shift of the recombination zone towards the cathode (which would
change the optical interference effects), the increase of the SEB115 concentrations above
5% (i.e. 15% and 100%) was restricted to the first 10 nm of the EML (of Figure 7.8).
As presumed, the EL spectra depend strongly on the SEB115 concentration. For a
SEB115 concentration as low as 1%, deep-blue color coordinates of (0.152/0.129) could
be achieved. At the same time, a deterioration of the EQE to 4.2% can be observed
(see bottom table in Figure 7.12). Thus, it is concluded that the internal fluorescence
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efficiency of SMB013 is lower than the one of SEB115 which exhibits an EQE of 6.5%
in a neat film.
As already concluded above, an EQE higher than 5% can only be obtained if not only
singlet but also a certain fraction of triplet excitons contribute to fluorescence, too. Thus
it is assumed that in neat SEB115 (which exhibits an EQE of 6.5%), the annihilation of
two triplets leads to the excitation of a higher singlet state S1 or S2 (see chapter 2).
Remarkably, the highest EQE of 7.9% is not obtained for neat SEB115 but for a mixture
of SEB115 and SMB013 (Figure 7.12). This can be attributed to a complex interplay
of SMB013 and SEB115: It was found that doping SEB115 into the EML of a phos-
phorescent Ir(MDQ)2(acac)-based OLED does not lead to a noticeable phosphorescence
quenching. It can be concluded that the triplet energy level of SEB115 is significantly
higher than the one of Ir(MDQ)2(acac). In case of SMB013, the same experiment de-
livers the opposite result: Doping as little as 1% SMB013 into the EML of the red
OLED already leads to a complete device failure, which gives rise to the assumtion
that its triplet energy level is even lower than the one of Ir(MDQ)2(acac). This is a
remarkable result, as the singlet energy level of SMB013 is higher than the ones of both
Ir(MDQ)2(acac) (≈2.8 eV) and SEB115 (≈2.9 eV). Singlet and triplet energy levels as
well as the possible exciton generation and transfer channels in a mixture of SEB115
and SMB013 as well as in neat SEB115 are qualitatively illustrated in Figure 7.13.
Figure 7.13: Triplet-triplet annihilation (TTA) in neat SEB115 (left) and in a mixture
of SEB115 and SMB013 (right).
In case of a neat SEB115 film, singlet and triplet excitons form on SEB115 with a ratio
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of about 1:3 (see chapter 2). Singlet excitons mainly decay radiatively (fluorescence)
whereas triplet excitons annihilate each other pairwise and form one singlet exciton
with of a higher energy. (The excited singlet state are assumed to be either S1 ore even
S2.) Since the excited singlet state can decay radiatively, a maximum of 50% of the
triplett excitons can theoretically contribute to photon generation.
However, in case of a mixture consisting of SEB115 and SMB013 the situation is more
complex: Singlet and triplet excitons can form on both SEB115 and SMB013 (again
with a ratio of about 1:3). However, since the S1 energy level of SEB115 is lower than
the one of SMB013, all singlet excitons which form on SMB013 will be transferred to
SEB115 molecules (and mainly decay radiatively). Additionally, singlet excitons which
form on SEB115 will remain on SEB115 (and mainly decay radiatively, too). Since the
T1 triplet energy level of SMB013 is lower than the one of SEB115, triplet excitons will
be transferred to SMB013 molecules. Triplet excitons annihilate each other pairwise and
form one singlet exciton of a higher energy. (Due to the low T1 energy level of SMB013,
the excited singlet state is assumed to be S1). Since the S1 energy level of SEB115 is
lower than the one of SMB013, Singlet excitons will be transferred to SEB115. Due
to this interplay of SEB115 and SMB013, fluorescence takes place on SEB115 whereas
the harvesting of triplet excitons takes place on SMB013. This complex mechanism
is suggested be superior to the comparably simple TTA-enhanced fluorescence in neat
SEB115 as a two possible loss channel can be suppressed: The low triplet energy level of
SMB013 acts as a ”triplet trap” hampering a diffusion of triplet excitons from the EML
into HTL and ETL, respectively (see Figure 7.14).
Figure 7.14: Suppression of triplet exciton diffusion from EML into HTL and ETL.
In conclusion, it is suggested that the very high observed EQE of SEB115 doped
into SMB013 can be explained by a highly efficient TTA-enhanced fluorescence which is
promoted by the advantageous relative location of the triplet energy levels of host and
dopant.
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A way to substantiate the conclusion that the observed high EQE is due to TTA-
enhanced fluorescence could be to perform time-resolved electroluminescence response
measurements [118][119]. Furthermore, it would be useful to determine the exact triplet
energy levels of both SEB115 and SMB013 by means of low-temperature photolumines-
cence spectroscopy [117].
7.4 White OLED
7.4.1 3-Color hybrid white OLED
To examine the potential of the above examined new materials, a 3-color hybrid white
OLED was developed. The device structure as well as the corresponding HOMO and
LUMO energy levels are displayed in Figure 7.15.
Figure 7.15: Device structure of 3-color hybrid white OLED (left) and corresponding
HOMO and LUMO energy levels (right).
NPB and ETM001 are used as HTL and ETL, respectively. CBP is used as a host
material for the green and red phosphorescent emitting materials Ir(ppy)3 and TER031,
respectively. Furthermore, undoped CBP serves as an exciton blocking interlayer (see
chapter 4, section 4.3) to avoid the unfavorable diffusion of triplet excitons from the
phosphorescent emitting layers into the fluorescent blue emitting layer (consisting of
SEB115 doped into SMB013). The TMM004 layer is used as an electron barrier in order
to control the charge carrier balance of the device. Figure 7.16 shows the luminous
efficiency and the spectrum (measured at 200 and 1000 cd/m2).
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Figure 7.16: Luminous efficiency vs. luminance (left) and spectrum (right) of hybrid
white OLED (measured at 200 cd/m2 and 1000 cd/m2).
At a luminance of 1000 cd/m2, efficiencies of 18.9 cd/A and 13.3 lm/W, respectively,
were measured. The color coordinates of (0.42/0.42) at 200 cd/m2 and (0.42/0.43)
at 1000 cd/m2, respectively, are similar to the ones of a typical halogen lamp (see
chapter 3). The remarkably small spectral shift points out the excellent color stabil-
ity vs. luminance of the device.
Figure 7.17 shows spectrum and color coordinates of the two developed hybrid white
OLED in comparison to the record-breaking all-phosphorescent white OLED introduced
by Reineke et al. [17].
Figure 7.17: Spectra of all-phosphorescent white OLED [17] (left) in comparison to hy-
brid white OLED (right)
The deep-blue spectrum of the fluorescent SEB115 yields a crucial advantage in com-
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parison to the light-blue emitting phosphorescent emitter FIrpic. Even though the FIrpic
peak is about twice as high as the SEB115 peak, the all-phosphorescent OLED exhibits
yellowish color coordinates, whereas the hybrid white OLED exhibits a pure white color.
(However, even without improved light out-coupling, the all-phosphorescent OLED ex-
hibits a current efficiency of about 30 cd/A at 1000 cd/m2 [17], which is about 65%
higher than the one of the hybrid white OLED.)
The CIE color coordinates (x,y) of the developed hybrid white OLED can be tuned
easily within a large range. The y coordinate, i.e. the ratio of green to red emission, can
be controlled effectively by increasing or decreasing the thickness of the corresponding
emission layer. (E.g. increasing the thickness of the green EML results in an increase
of green emission). Varying the thickness of the blue emissive layer however, has little
impact on the fraction of blue emission. As already discussed in section 7.3, the blue
emissive layer is predominantly electron-conducting (via SMB013). Consequently, it is
supposed that most of the charge carrier recombination within the blue emissive layer
occurs in direct proximity to its interface with the CBP interlayer. Thus, increasing the
thickness of the blue emissive layer does not significantly increase the fraction of charge
carrier recombination in the blue emissive layer.
However, an effective way to adjust the x-coordinate is given by varying the thickness
of the electron barrier layer (TMM004). The impact of the electron barrier layer on the
color coordinates and on the driving voltage of the device can be observed in Figure 7.18.
Figure 7.18: Driving voltage, power efficiency and color coordinates of OLED vs. thick-
ness of electron barrier layer (EBL).
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It is supposed that due to its higher LUMO energy level (which is higher than the
one of SMB013), the TMM004 layer forms a barrier for electrons which shifts the re-
combination zone further towards the cathode and consequently increases the emission
of blue photons (if the current is kept constant). In case of a very thin EBL, electrons
can penetrate this barrier easier so that the emission of blue photons decreases.
Tuning the color coordinates along the black body curve towards a higher color temper-
ature (by increasing the EBL thickness) leads to a significant decrease of the luminous
efficiency (see Figure 7.18). Depending on the obtained color coordinates, the lumi-
nous efficiency at 1000 cd/m2 varies between 10.2 lm/W (16.1 cd/A) and 17.9 lm/W
(21.9 cd/A). This decrease of power efficiency is caused by various effects: On the one
hand, the shift of the color coordinates causes a decrease of the true luminous efficiency
from 368 lm/W to only 308 lm/W (since the spectral sensitivity of the human eye be-
comes lower with an increasing color temperature). On the other hand, a larger fraction
of photons is emitted from the fluorescent (and therefore less efficient) blue emissive
layer, so that consequently, the EQE of the device is reduced from 8.4% to only 7.3%. In
addition, as one increases the thickness of the electron barrier layer from 0 nm to 15 nm,
the driving voltage also increases by 1.1 V which reduces the power efficiency even fur-
ther. To analyze the influence of aging on its spectrum, the white OLED was driven at
an initial luminance of 5000 cd/m2 for 20 hours. The spectrum was measured after 5
and 20 h, respectively, and compared to the original spectrum. Figure 7.19 shows the
spectrum of the white OLED after it has been driven at a current density of 32 mA/cm2
(which corresponds to a luminance of 5000 cd/m2) for 5 and 20 h, respectively.
Figure 7.19: Spectral shift of reference OLED, aged for 0 h, 5 h and 20 h at 5000 cd/m2
(which corresponds to an estimated time of 380 h at 1000 cd/m2).
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The intensity of the emission from the phosphorescent emitting materials (red and
green) is drastically reduced compared to the original spectrum resulting in a significant
shift of the color coordinates. Thus, the lifetime of the device is concluded to be mainly
limited through the aging of the phosphorescent emitting region.
After 20 h, the luminance decays to about 50% of its initial value. By using the Coffin-
Manson model (see chapter 2), the lifetime at an initial luminance of 1000 cd/m2 can be
estimated to be about (310±120) h (if an acceleration factor of n=1.7±0.2 is assumed
[46][47]).
7.4.2 Long-living two-color hybrid white OLED
The relatively short lifetime of the three-color white OLED discussed above can be
attributed to the limited stability of the phosphorescent part of the device consisting of
Ir(ppy)3 and TER031 doped into CBP. The lifetime of the red EML can be increased
significantly by employing a mixed matrix consisting of NPB and TMM004 instead of
CBP. However, for the green phosphor, a host material having a wider HOMO-LUMO
gap than NPB is required.
Thus, in order to obtain a long-living white OLED, a two color hybrid white OLED
combining the light-blue fluorescent emitter SEB108 with the highly stable red phosphor
Ir(MDQ)2(acac) was developed. Figure 7.20 shows the device structure (left) and the
corresponding HOMO and LUMO energy levels (right).
Figure 7.20: Layer stack of two-color hybrid white OLED (left) and corresponding
HOMO and LUMO energy levels (right)
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Instead of CBP, a mixed matrix consisting of TMM004 and NPB is used as a host
material for Ir(MDQ)2(acac) and as an (undoped) interlayer to prevent triplet exciton
diffusion from the phosphorescent into the fluorescent region. As already mentioned in
section 7.3, it is assumed that the triplet energy level of SMB013 is even lower than the
one of Ir(MDQ)2(acac).
Figure 7.21: Spectra (top left) and color coordinates (top right) as well as luminous
efficiency and CRI of 2-color hybrid white OLED in comparison to 3-color
hybrid white OLED.
Figure 7.21 shows EL spectrum and color coordinates as well a luminous efficiency
and lifetime of the hybrid white OLED in comparison to the above discussed 3-color
hybrid white OLED. The 3-color reference OLED comprises a 15 nm TMM004 electron
barrier layer, resulting in color coordinates that are roughly comparable to the ones
of the 2-color white OLED. Compared with the estimated lifetime of the (CBP-based)
3-color white OLED (380 h), the estimated lifetime of the 2-color white OLED (4100 h)
is more than one order of magnitude higher. (Lifetime measurements were carried out
at a current density of 32 mA/cm2 and extrapolated to 1000 cd/m2 using the Coffin-
Manson model (see chapter 2).) A similar lifetime (at differing color coordinates) is
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obtained if SEB115 is used instead of SEB108. This demonstrates that by employing
a more stable phosphorescent EML, the lifetime of the 3-color white OLED could be
increased drastically.
Even though the 2-color white OLED yields an improved lifetime, it has several draw-
backs:
• The current efficiency is about 50% lower than the one of the 3-color OLED. This
can be mainly attributed to the fact that most of the emission originates from
the fluorescent SEB108 (see Figure 7.21 top left). However, this problem could
be overcome by combining a deep-blue fluorescent emitter with a yellow phosphor
(instead of a sky-blue fluorescent emitter with a red phosphor).
• Due to emission gap in the green part of the spectrum, the 2-color white OLED
exhibits an extraordinarily low CRI of only 12, which clearly is not sufficient for
most lighting applications.
• In contrast to the 3-color white OLED, which allows tuning its color coordinates
on the Planckian locus, the color coordinates of the 2-color white OLED are de-
termined by the connection line of the two employed emitters, intercepting the
Planckian locus at a color temperature of about 5000 K.
Summing up, the developed 2-color hybrid white OLED is not acceptable for general
lighting applications. However, it demonstrates that a hybrid white OLED with several
thousand hours of lifetime can be obtained if a sufficiently stable phosphorescent host-
emitter system is employed.
7.5 Loss mechanisms in hybrid white OLED
Both, the 3-color and the 2-color hybrid white OLED exhibit a luminous efficiency
which is more than 40% lower than a ”virtual” multi-unit white OLED composed of
the corresponding monochrome OLED (see chapter 8). The lower efficiency can partly
be attributed to the drive voltage of the hybrid white OLED which is about 30-40%
higher than the ones of the monochrome OLED. Besides the high drive voltage, it can
also be observed that the hybrid white OLED exhibits a lower EQE than a multi-unit
white OLED composed of the corresponding monochrome OLED. This can partly be
attributed to unwanted charge carrier recombination in the interlayer: The left side of
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Figure 7.22 shows the spectrum of the 2-color white OLED in comparison to a superpo-
sition of the corresponding monochrome OLED. The spectra of the monochrome OLED
are subtracted from the one of the 2-color white OLED and shown in Figure 7.22 (right).
Obviously, the spectrum of the hybrid white OLED contains additional emission which
does not originate from the actual emitter materials SEB108 and Ir(MDQ)2(acac). It is
suggested that the additional emission originates mainly from unwanted charge carrier
recombination in the NPB/TMM004 interlayer. (The charge carrier recombination in
the interlayer is assumed to be rather inefficient compared to recombination in the EML
and will therefore lead to a larger fraction of non-radiative charge carrier recombination
and a reduced quantum efficiency.)
Figure 7.22: Efficiency loss due to host emission in 2-color hybrid white OLED.
As long as these intrinsic loss mechanisms can not be overcome, hybrid white OLED
will remain a suboptimal approach for white OLED luminaires. Thus, other concepts as
the stacking of monochrome OLED, or (lateral) multi-unit OLED, may be considerable
too.
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7.6 Color reproducibility of hybrid white OLED
To investigate the reproducibility of the obtained color coordinates, monochrome (red,
green and blue) as well as 3-color white OLED were processed repeatedly, using sub-
strate layout 2 (see chapter 6). In case of the monochrome OLED, color coordinates
are highly reproducible with a standard deviation of ∆ x < 0.01 and ∆ y < 0.01 (re-
gardless of whether the ESC is employed or not). However, it was found that the color
reproducibility of the above developed 3-color white OLED is superior if the ESC is
activated. Figure 7.23 shows color coordinates of two groups of 3-color white OLED,
which were processed with and without ESC, respectively. (The ESC clamp voltage was
set to 7.5 kV.)
Figure 7.23: Run-to-run stability of color coordinates without ESC (blue), with ESC
(red) of 3-color white OLED.
For the devices processed without ESC, a poor reproducibility (i.e. a strong shifting
of the color coordinates) can be observed. However, for the devices processed with ESC,
an excellent color coordinate stability was observed, with a standard deviation of color
coordinates being as low as ∆ x < 0.02 and ∆ y < 0.01.
To investigate whether this effect can be attributed to a better thermal coupling of sub-
strate and substrate chiller, a group of white OLED were processed without ESC at a
reduced substrate chiller temperature of -10◦C. In Figure 7.24, the resulting color coor-
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dinates are compared to the ones that were obtained at a substrate chiller temperature
TS of 0◦C.
Figure 7.24: Effect of substrate temperature on color coordinates of 3-color hybrid white
OLED. (All runs were conducted without ESC.)
The color coordinates of this device depend strongly on the substrate temperature
during the deposition: A change of the chiller temperature by 10◦C already results in a
strong shifting (∆x > 0.1) of the color coordinates. It is concluded that the color insta-
bility without ESC can partly be attributed to an inhomogeneous substrate temperature
caused by a poor thermal coupling of substrate and chiller.
However, the direction of the color shift, is different: If the ESC is employed, the color
coordinates shift towards red (see Figure 7.23). Whereas if the chiller temperature is
reduced, the color coordinates shift towards cold white. Thus, it is assumed that the
ESC not only reduces the substrate temperature due to an improved thermal coupling,
but may also influence the morphology of the layer growth. This assumption will be
substantiated in the following section.
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7.6.1 Cathode degradation mechanisms leading to the formation of black
spots on the active area
Besides the positive influence on the reproducibility of white OLED, it was found that
the ESC may also influence the distribution of particles on the OLED.
If an OLED is exposed to air for several days without encapsulation, the formation of
randomly distributed black spots on the active area can typically be observed. These
black spots can mainly be attributed to holes in the cathode, allowing O2 molecules
to penetrate the device [113]. Figure 7.25 shows photos of the active area of two blue
OLED. The first OLED (left picture) was processed without ESC, whereas the second
one (right picture) was processed with an ESC clamp voltage of 7.5 kV.
Figure 7.25: Formation of black spots on the active area of a blue OLED processed
without ESC (left) and with ESC (right). Both devices were exposed to air
for several days without encapsulation.
The photos were taken in the on-state at a luminance of 1000 cd/m2. Prior to the
photo, both devices were exposed to air for several days without encapsulation. It can
be observed that devices processed with ESC exhibit an increased density of black spots.
Interestingly, the density of black spots is no longer homogeneous but rather forms some
sort of pattern (which even is reproducible from run to run).
It is suggested that the black spots are partly caused by small organic particles which fall
from the deposition chamber lid onto the substrate during the deposition process. Due
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to electric fields caused by the ESC, the arrangement of these particles on the substrate
could be influenced and consequently give rise to the observed patterns (see Figure 7.26).
Figure 7.26: Leaky electrostatic field, attracting organic particles.
Furthermore, the electric field may influence the thin-film morphology of the organic
layers. Consequently, the aluminum cathode would be deposited on a partly rough film
which could also provoke the formation black spots due to O2 leaks in the cathode. If
the electric field of the ESC influences the thin-film morphology, it can be assumed that
the charge carrier transport properties of the organic layers will be affected, too. This
could also explain the shifting of color coordinates towards cold white (see Figure 7.24)
which is observed in connection with the ESC.
If the devices are encapsulated using a glass lid, the higher particle density should not
pose a problem with respect to the homogeneity, performance or reliability of the devices.
However, if a thin-film encapsulation is employed, an increased number of particles could
give rise to leaks in the encapsulation layer and thus may require a thicker encapsulation
film. Thus, with respect to thin-film encapsulation, it may be advantageous to install
an actively heated deposition chamber lid, in order to avoid the deposition of organic
material at the lid which should reduce the generation of particles. Another possibility
would be, to employ a strong magnetic field (instead of an ESC) to pull down the shadow
mask, which would then also press the substrate against the chiller.
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light out-coupling employing
microcavities
In this chapter, the approach of a white OLED consisting of laterally arranged mono-
chrome units (as described in chapter 4, section 4.5) will be examined. In a first step,
the luminous efficiency which can be attained by combining the monochrome OLED
developed in chapter 7 was calculated. For the calculation, the following side conditions
were set:
• The resulting color coordinates are the ones of standard illuminant A
• The luminance of each single unit is 1000 cd/m2
Table 8.1 gives an overview of the current and power efficiency which can be attained
by combining the green (Ir(ppy)3-based) OLED with the various red and blue OLED.
Table 8.1: Comparison of attainable luminous power efficiency (left) and current effi-
ciency (right) of a white multi-unit OLED consisting of Ir(ppy)3 combined
with various red and blue emitters.
The highest efficiency can be obtained for a combination of Ir(ppy)3, SEB115 and
TER031 (marked yellow in table 8.1). However, in the following, the combination of
Ir(ppy)3, SEB115 and Ir(MDQ)2(acac) will be examined, because Ir(MDQ)2(acac) ex-
hibits a longer lifetime [40] than TER031 and furthermore its chemical structure is dis-
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closed. In order to further increase the efficiency of the white multi-unit OLED, it will
be investigated to which extent micro-cavities can be used to enhance the out-coupling
efficiency of the red green and blue units. (The concept of these resonant-cavity OLED
(RC-OLED) has been explained in chapter 5.)
First, the approach of evaporating a semitransparent silver layer on the ITO anode
(prior to the organic layer stack) will be examined, followed by investigations regarding
the more elaborate approach of inserting a DBR between ITO anode and glass substrate.
Finally, these two approaches will be compared with respect to their potential to increase
the efficiency of white multi-unit OLED.
8.1 RC-OLED comprising a semitransparent silver layer
Following, the potential of inserting a thin semitransparent silver layer between the TCO
and the organic layer stack will be investigated. Figure 8.1 shows the structure of the
examined red green and blue OLED.
Figure 8.1: Device structure of red, green and blue RC-OLED comprising a semitrans-
parent Ag layer.
The structures of all three devices are based on the monochrome OLED developed in
chapter 7. However, a 20 nm Ag layer followed by a 1 nm WO3 layer was inserted at
the interface of ITO anode and organic layer stack. (Both, Ag and WO3 were thermally
evaporated at a pressure of approximately 5 × 10−7 mbar). The Ag layer serves as a
semitransparent mirror, forming a micro-cavity together with the reflective Al cathode.
If no WO3 layer is employed, OLED with Ag layer exhibited a drive voltage which is
about 3 V higher than the one of the reference OLED without Ag layer (at 1 mA/cm2).
However, with WO3 layer, the IV curve exhibited no significant difference compared
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to the one of the reference OLED without Ag layer. It is suggested that the WO3
layer facilitates hole injection from the cathode into the HTL (NPB). Compared to ITO
(which has a work function of about 4.7 eV (see chapter 6 section 6.2)), silver has a
disadvantageous work function (of about 4.3 eV [120]) hampering hole injection into the
HTL. A detailed description of the mechanisms leading to the improved hole injection
can be found in [40].
For the coupling of the radiation of the light emitting dipoles to the desired cavity
modes, their position within the cavity is fairly important (see chapter 5). Thus, it
is crucial to employ an organic layer stack which guarantees a strong confinement of
photon generation. Therefore, the device structures were slightly modified (see Figure
8.1): The EML thicknesses of the red and green OLED were reduced from 40 nm to
only 20 nm. The EML thickness of the blue OLED was reduced to 10 nm and a 10 nm
hole-blocking layer consisting of (undoped) SMB013 was introduced. (Pure SMB013 acts
as a hole-blocking material (see chapter 7).) Furthermore, in case of the green OLED
4,4’,4”-tris(N-carbazolyl)-triphenylamine (TCTA) is employed instead of CBP. TCTA
is predominantly hole conducting [40] (whereas CBP is rather bipolar [39]) so that a
stronger confinement of exciton generation (at the interface) of TCTA and TMM004
can be assumed. Experiments showed that these EML modifications have no significant
impact on luminous efficiency and emission spectra of the reference devices without
Ag layer.
8.1.1 Optical tuning
Clearly, the thickness of the Ag layer is an important parameter. Rico Meerheim et al.,
who already examined this concept (however, using a VTE evaporation tool and other
materials than employed in this work) achieved the best results for an Ag layer thickness
around 20 nm [93]. Thus, a layer thickness of 20 nm will be employed in the following.
Since the cavity length (i.e. in this case the distance between the semitransparent silver
layer and the aluminum cathode) as well as the position of the light emitting dipoles
within the cavity are known to strongly influence efficiency and color coordinates of a
RC-OLED (see chapter 5), the thicknesses of HTL and ETL were carefully tuned.
Optical simulations (using LightEx [74]) were carried out in order to obtain a starting
point for HTL and ETL thickness. To avoid a too high drive voltage due to excessively
thick layers, the maximum thickness of HTL and ETL was set to 300 nm. The top part
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of figure 8.2 shows the (simulated) normalized luminous efficiency for all three RC-OLED
versus thickness of HTL and ETL, respectively.
Figure 8.2: Normalized simulated luminous efficiency of red green and blue RC-OLED
comprising a 20 nm Ag layer (top) and experimentally optimized thickness
values of HTL and ETL (bottom).
For all three RC-OLED, the simulation predicts the highest efficiency for the first
maximum (i.e. a total optical cavity length of λ/2 is addressed). The obtained values
were used as starting points for an experimental optical fine tuning: The thicknesses
of HTL and ETL were varied systematically (in 2.5 nm steps) in order to maximize
luminous efficiency. The results of this cavity optimization are displayed in the bottom
table of figure 8.2.
If a refractive index of n=1.8 is assumed for the organic layers (see chapter 5), the
obtained total optical cavity length (i.e. the distance from the silver anode to the
aluminum cathode) adds up to roughly one half of the peak wavelength. E. g. for the
green device, the overall cavity length is L= 1.8 × 160 nm = 288 nm. Figure 8.3 shows
a sketch of the electric field within the organic layer stack. (The emissive dipole is
assumed to be pointing in a direction parallel to the substrate.) Due to the phase
shift of the electric field at the organic-metal interfaces, the cavity length of λ/2 meets
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the condition for constructive interference. The EML lies roughly in the middle of the
cavity (see Figure 8.3) allowing a maximum coupling of the radiation of the light emitting
dipoles and cavity modes (chapter 5).
Figure 8.3: Schematic illustration of the electric field in RC-OLED comprising a 20 nm
Ag layer.
8.1.2 Results - forward direction
Figure 8.4 shows the spectrally resolved emission in forward direction (i.e. normal to the
substrate) of all three RC-OLED in comparison to the corresponding reference devices.
During the measurement, the devices were driven at a current density of 1 mA/cm2.
Figure 8.4: Spectrally resolved emission of RC-OLED at 1 mA/cm2 measured in forward
direction, i.e. normal to the substrate.
Compared to the corresponding reference OLED, the red and the green RC-OLED
show a significantly enhanced emission over a wavelength range of about 100 nm. Out-
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side of this range, the emission is strongly suppressed. In the following, this effect will
be referred to as spectral narrowing. For the red and the green RC-OLED, the spectral
narrowing improves the overlap of the emission spectrum and the tristimulus curve Yλ
(illustrated by the dashed green line). Especially in case of the red RC-OLED, the emis-
sion close to the near-infrared regime is suppressed in favor of emission in the visible
wavelength regime. In case of the green RC-OLED, it is remarkable that the peak wave-
length matches almost exactly with the eye sensitivity peak of 555 nm.
In contrast to the red and green OLED, the results of the blue RC-OLED are rather
disappointing: Neither an enhancement of the emission peak, nor a spectral narrowing
can be observed (possible reasons for this effect will be discussed later on).
8.1.3 Results - angle-resolved
As already mentioned in chapter 5, the use of microcavities may change the angular
emission characteristics of an OLED. To investigate the influence of the Ag layer on
the angular emission characteristics, angle-resolved measurements were carried out by
means of a gonio-spectrometer.
Figure 8.5 shows the normalized angle dependence of the radiant intensity in comparison
to the corresponding reference devices. Measurements were carried out at a current
density of 1 mA/cm2.
Figure 8.5: Normalized angle-resolved radiant intensity of RC-OLED at a current den-
sity of 1 mA/cm2. The gray area corresponds to a Lambertian emission
characteristic.
88
8 White multi-unit OLED with improved light out-coupling employing microcavities
The blue and red reference OLED both exhibit approximately Lambertian emission
characteristics. However, the emission characteristics of the green reference OLED are
significantly non-Lambertian: At an emission angle of 50◦, the radiant intensity exceeds
the Lambertian emission characteristics (depicted by the gray area) by more than 20%.
It is suggested that this effect can be attributed to a non-isotropic orientation of Ir(ppy)3
molecules in the EML (resulting in a non-isotropic dipole orientation). If the electric
dipole moments of the emissive dipoles are oriented partially in a direction perpendic-
ular to the substrate, the distance (of about λ/4) between cathode an EML leads to
destructive interference (due to the asymmetry of the emitted electric field normal to
the substrate as sketched in Figure 8.6) for all light which is emitted in the forward di-
rection. This means that an EML and cavity geometry optimized for high out-coupling
efficiency of parallel dipoles in forward direction (figure 8.6) leads to destructive inter-
ference of perpendicular dipoles in forward direction and thus non-Lambertian emission
characteristics. (A more detailed discussion of this effect can be found in [124].)
Figure 8.6: Symmetry of electric field of emitting dipoles (left) and influence of dipole
orientation on interference condition (right).
In the literature, it is reported that OLED with an EML consisting of Ir(ppy)3 doped
into TCTA usually exhibit Lambertian emission characteristics [93]. However, a non-
isotropic orientation of Ir(ppy)3 molecules in the EML could result from the employed
matrix material TMM004 (see Figure 8.1). It could also be that the OVPD process leads
to a different orientation of Ir(ppy)3 molecules in the EML than the VTE process.
Compared to the reference devices, the emission characteristics of the green and red
RC-OLED (in Figure 8.5) are more forward-directed. However, the emission character-
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istics of the blue RC-OLED are similar to the ones of the reference OLED.
For applications in signs or displays, the more forward-directed emission characteristics
of the red and green RC-OLED may be of great advantage since the user typically looks
at these devices from the forward direction. However, for the use in a white lateral
multi-unit OLED, the figures of merit are given by the (integrated) luminous flux F and
the (integrated) emission spectrum S(λ). Therefore, the spectra of the RC-OLED and
the corresponding reference devices were measured in an integrating sphere at a current
density of 1 mA/cm2. To examine the influence of the Ag layer on the formation of
substrate modes (see chapter 5), additional measurements were performed with a macro
lens attached to the substrate. As described in chapter 5, the macro lens is used to avoid
the formation of guided modes in the glass substrate. The resulting integrated emission
spectra of the RC-OLED and their reference devices are shown in Figure 8.7.
Figure 8.7: Spectrally resolved emission of RC-OLED with and without macro lens (ML).
Measurements were carried out in an integrating sphere at 1 mA/cm2.
Similar to the measurements in forward direction (see figure 8.4), both the red and
green RC-OLED without macro lens show a higher emission intensity. However, com-
pared to the measurement in forward direction, the enhancement is lower. This is con-
sistent with the more forward-directed emission which was observed in Figure 8.5. In
analogy with the measurement in forward direction, the blue RC-OLED is again under
performing compared to the reference device.
As expected, measurements with a macro lens attached to the substrate, show a higher
emission intensity for all devices. However, in case of the RC-OLED, the macro lens does
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not lead to an improvement comparably high as for the reference OLED. To quantify
these observations, luminous efficiency, EQE and color coordinates as well as the relative
efficiency enhancement for all devices are shown in table 8.2.
Table 8.2: Overview on efficiency and color coordinates of red, green and blue RC-OLED
in comparison with reference devices (measured at the display relevant bright-
ness of 200 cd/m2).
If only measurements with macro lens are considered, the EQE of all three RC-OLED
does not exceed the EQE of the reference devices (also with macro lens). This means that
the photon flux coupled from the organic layer stack into the substrate is actually reduced
by the Ag layer. Nevertheless, if no macro lens is employed, both the red and green
RC-OLED exhibit a significantly higher EQE than their reference devices. This means
that the Ag layer improves the light out-coupling efficiency of the substrate (or in other
words, the Ag layer reduces the formation of guided substrate modes dimmishing the
effect of the macro extractor). In case of the blue RC-OLED, the situation is somewhat
different: Even though the Ag layer drastically reduces the formation of substrate modes,
the coupling efficiency of the organic layer stack and the substrate is so poor that even
without macro lens, the EQE of the RC-OLED is lower than the one of the reference
OLED. If the luminous efficiency is considered, the enhancement can be observed for
all three RC-OLED. Especially for the red RC-OLED, the relative luminous efficiency
enhancement is significantly higher than the enhancement of the EQE. This effect can be
explained by the observed narrowing of the emission spectra, which leads to an improved
matching with the tristimulus curve Yλ (leading to a higher true luminous efficiency of
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the emission spectrum). In case of the red RC-OLED, the overall current efficiency is
boosted to the 1.91-fold of the reference OLED. An even stronger efficiency enhancement
is observed if the current efficiency in forward direction is considered: In case of the red
RC-OLED, the current efficiency (in forward direction) is boosted to the 2.82-fold of the
reference OLED. This impressive enhancement is due to the interplay of three effects:
• An enhanced EQE
• An improved overlap with the tristimulus curve Yλ
• More forward-directed emission characteristics
In conclusion, the approach of introducing a semitransparent Ag layer is a simple but
effective way to reduce the formation of substrate modes, obtain more forward-directed
emission characteristics and at the same time to improve the true luminous efficiency
of red and green OLED. However, an improved out-coupling of organic modes (as for
example reported for the concept of a low index grid (see chapter 5)) could not be
observed. Nevertheless, due to the strong spectral narrowing, an improved luminous
efficiency was obtained in case of the red RC-OLED even if the measurements with
macro lens are considered.
8.1.4 Wavelength dependency of reflectivity
In contrast to the above discussed red and green OLED, the blue RC-OLED did not
exhibit an enhanced EQE. Indeed none of the typical cavity effects as spectral narrow-
ing and a non-Lambertian emission characteristics were observed. These results imply
that for shorter wavelengths, the semitransparent Ag layer does not give rise to a no-
ticeable cavity effect. To analyze these observations, a 20 nm Ag layer was evaporated
onto an ITO-coated glass substrate to measure the wavelength dependency of reflection
and transmission (see figure 8.8). While the 20 nm Ag layer exhibits a reflectivity of
almost 70% at the peak wavelength of the above discussed red RC-OLED, the reflectiv-
ity deteriorates for shorter wavelengths so that for the blue RC-OLED, it is only about
40%. At the same time, the absorption is nearly constant within the visible wavelength
range. Consequently, in case of the blue RC-OLED, the quality factor of the cavity
is much lower. Thus, it is suggested that due to the poor reflection of the Ag layer,
no noticeable cavity effect is obtained. Since the Ag layer will still absorb a certain
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Figure 8.8: Reflectivity of a 20 nm Ag layer.
fraction of the generated photons, the underperformance compared to the reference de-
vice can be explained. These results qualitatively match with the observations made by
R. Meerheim et al. [93], as in their work, only mediocre results were observed for blue
RC-OLED. However, compared to this work, R. Meerheim et al. employed a rather
light-blue emitter (having color coordinates of CIE(0.15/0.19)) which may explain why
they still observed a slight improvement even in case of the blue RC-OLED.
8.1.5 Reliability of RC-OLED comprising a semitransparent Ag layer
In comparison to the reference devices, all OLED with Ag layer exhibited a limited reli-
ability: Over 50% of the pixels suffered shorts either directly after processing or during
the process of characterization. Furthermore, all devices comprising Ag layers showed a
strongly inhomogeneous luminosity already after a few hours in the on-state. Figure 8.9
shows a photo of a red RC-OLED with Ag layer at about 1000 cd/m2 compared to the
corresponding (non-RC) reference device. To examine the origin of the inhomogeneous
luminosity, three experiments were conducted. First theWO3 layer was omitted, then it
was replaced by a 1 nm MoO3 layer and finally the first 10 nm of the HTL (NPB) were
electrically doped using the NOVALED p-type dopant NDP2 [127][40]. Nevertheless,
all devices did still exhibit a similarly inhomogeneous luminosity. Thus it is assumed
that the inhomogeneous luminance as well as the poor reliability is a consequence of
Ag atoms migrating from the Ag layer into the organic layer stack [125][126] in which
they could act as centers for non-radiative decay of excitons.
Since such a poor reliability is observed on a relatively small pixel size of 1 cm2, it is
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Figure 8.9: Inhomogeneous luminance of red RC-OLED with semitransparent Ag layer
(left) in comparison with reference device (right).
clear that with an up-scaling to larger pixel sizes, a yield close to zero must be ex-
pected. Maybe, an increasing of the WoO3 layer thickness could prevent the migration
of Ag atoms. Otherwise it is suggested to search for other (organic or inorganic) trans-
parent barrier layers to prevent the migration of Ag atoms.
8.2 RC-OLED comprising a distributed Bragg reflector
Due to the above discussed drawbacks of Ag layers, the approach of introducing a dis-
tributed Bragg reflector (DBR) between the glass substrate and the ITO anode will be
examined in this section. Since substrate preparation is rather elaborate, the following
experiments focus on red and blue RC-OLED only. (Nevertheless, experiments with
green RC-OLED pose an interesting field for further research as well.)
For the blue RC-OLED, two substrate batches comprising either a 2-layer or a 4-layer
DBR were prepared. For the red RC-OLED, three substrate batches comprising either
a 2-layer, a 4-layer or a 6-layer DBR were prepared. A DBR having a higher number of
layers exhibits a higher reflectivity which should lead to more pronounced cavity effects
(see chapter 5). The device structures are shown in figure 8.10.
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Figure 8.10: Device structure of red and blue RC-OLED comprising a DBR.
The organic layer stack is the same as in case of the RC-OLED with Ag layer. However,
instead of the Ag layer, a DBR consisting of SiO2 (n≈1.5 [76]) and Nb2O5 (n≈2.4 [77])
is introduced. SiO2, Nb2O5 and ITO were deposited on pre-cleaned display glass by
means of sputtering. After depositing the ITO, the substrates were structured by means
of photolithography (see Appendix) to meet the 8-fold R&D layout.
The (simulated) reflectivity of the different DBR is displayed in figure 8.11. As described
in chapter 5, the peak reflectivity increases with an increasing number of layers while at
the same time, the width of the stopband decreases. At 600 nm, the reflectivity of the
4-layer DBR is about 60-70%, i.e. it is slightly higher than the reflectivity of the above
employed 20 nm Ag layer (see figure 8.8).
Figure 8.11: Simulated reflectivity of DBR for blue (left) and red (right) RC-OLED
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8.2.1 Optical tuning
The thicknesses of HTL and ETL were tuned in analogy with section 8.1. The optimized
values are charted in the device structure (Figure 8.10). The (transverse) electric field
is shown schematically in figure 8.12.
Figure 8.12: Schematic illustration of electric field in red (top) and blue (bottom) RC-
OLED.
To obtain constructive interference, the distance from the emissive dipole to the
ITO/SiO2 interface has to be a multiple of λ/2. In case of the blue RC-OLED, the
ITO layer thickness (of 150 nm) is already exceeding one half of the peak wavelength (if
a refractive index of n=1.8 is considered). Thus, the optimized distance from EML to
the DBR is roughly λ (in contrast to the red RC-OLED in which it is only λ/2).
8.2.2 Results in forward direction
Figure 8.13 shows the normalized radiant intensity of the red and blue RC-OLED with
DBR in comparison to the corresponding reference devices measured at a current density
of 1 mA.
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Figure 8.13: Spectrally resolved emission and color coordinates of red (top) and blue
(bottom) RC-OLED with DBR. Measurements at 1 mA/cm2. Direction of
measurement: normal to substrate.
Both, the red and blue RC-OLED, show an enhanced intensity at the peak wave-
length combined with a narrowed spectrum. As expected, the observed cavity effects
(i.e. boosting of the emission peak and spectral narrowing) increase if the reflectivity of
the DBR is increased (by employing more dielectric layers).
Indeed, for the red RC-OLED with 6-layer DBR, the intensity of the emission peak is
increased by a factor of 2.9 compared to the reference device. At the same time, the
FWHM decreases from 82.1 nm to only 36.6 nm. The 2.9-fold emission peak boost-
ing is comparable to the (2.5-fold) enhancement which has been observed for the red
RC-OLED with Ag layer in figure 8.4.
However, the spectral narrowing is much more pronounced than in case of the RC-OLED
with Ag layer (having a FWHM of 57.6 nm). I. e. by employing an Ag layer (instead of
a DRB), a boosting of the peak emission in combination with a comparably limited spec-
tral narrowing can be obtained. This effect can be mainly be attributed to the shorter
cavity length of the RC-OLED with Ag layer: Simulations (using LightEx) suggest that
increasing the HTL thickness of the RC-OLED with Ag layer by λ/2 leads to a decrease
of the FWHM by almost 50%.
In case of the blue RC-OLED, a 2.0-fold enhancement of the peak intensity com-
bined with a strong spectral narrowing can be observed. This substantiates the earlier
(section 8.1) conclusion that the poor performance of the blue RC-OLED with Ag layer
can be attributed to the weak reflectivity of the Ag layer in the blue wavelength regime.
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The influence of the DBR on the color coordinates differs for blue and red RC-OLED:
In case of the blue RC-OLED, the strong spectral narrowing leads to ultra-deep blue
color coordinates of (x=0.17/y=0.07), whereas the color coordinates of the red OLED re-
main nearly unchanged. This completely oppositional behavior can be explained by the
asymmetric emission characteristics of organic light emitting materials, which typically
display a relatively steep edge at the short wavelength side and a rather flat shoulder
at the long wavelength side. In contrast to the red OLED, the flat shoulder (which is
strongly suppressed in the RC-OLED) of the blue emitting materials is fully within the
visible spectrum and thus, has a much stronger impact on the color coordinates.
8.2.3 Results - angle-resolved
Figure 8.14 shows the normalized angle dependence of the radiant intensity in comparison
to the corresponding reference devices. Measurements were carried out at a current
density of 1 mA/cm2. Similar to the red and green RC-OLED with Ag layer, both the
red and the blue RC-OLED with DBR exhibit forward-directed emission characteristics.
In analogy with the above discussed spectral narrowing, the forward-directed re-shaping
of the emission characteristics intensifies with an increasing reflectivity of the DBR.
Figure 8.14: Normalized angle-resolved radiant intensity of RC-OLED with DBR (mea-
sured at 1 mA/cm2).
The left hand side of figure 8.15 shows the spectra of the red RC-OLED and the
corresponding reference devices measured in an integrating sphere at a current density
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of 1 mA/cm2. In analogy with figure 8.7, measurements were additionally performed
with a macro lens attached to the substrate to extract guided substrate modes. The
right hand side of figure 8.15 shows the corresponding efficiency and color coordinates
at a brightness of 200 cd/m2.
Figure 8.15: Spectrally resolved emission of red RC-OLED comprising a DBR, measured
with and without macro lens (ML) in an integrating sphere at 1 mA/cm2
(left). Efficiency and color coordinates of these RC-OLED in compari-
son with reference devices measured at the display-relevant brightness of
200 cd/m2 (right).
Without macro lens, the highest luminous efficiency (of 131.6 lm/A) is obtained for
the 2-layer DBR. This poses an efficiency enhancement of 35% compared to the reference
OLED. Interestingly, the highest luminous efficieny in forward direction (of 48.8 cd/A)
is not obtained for the 2-layer but for the 4-layer DBR. This can be attributed to the
more forward-directed emission characteristics which are obtained with an increasing
reflectivity of the DBR (see figure 8.14). In contrast to the (earlier discussed) red RC-
OLED with Ag layer (for which an improved luminous efficiency is obtained due to a
combination of spectral narrowing and improved light out-coupling), the increased lu-
minous efficiency of the RC-OLED with DBR can be attributed exclusively to spectral
narrowing and not to an improved light out-coupling. (Indeed, the EQE of none of the
RC-OLED exceeds the value of the reference device.)
A comparison of the EQE values with and without macro extractor reveals the difference
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between DBR and Ag layer with respect to light out-coupling: The suppression of sub-
strate modes is much more effective in case of the RC-OLED with Ag layer. In case of
the 2-layer DRR, the formation of guided substrate modes is suppressed by 15% (com-
pared to the reference OLED), whereas for the RC-OLED with Ag layer, it is supressed
by 73% (see table 8.2). Furthermore, in the RC-OLED with 4-layer and 6-layer DBR,
the formation of substrate modes is equal or even higher than in case of the reference
device.
The comparably high amount of guided substrate modes can be understood by taking a
closer look at the angle dependency of the mode density within the cavity. Figure 8.16
shows a the (simulated) mode density for wavelengths of 600 nm, 612 nm and 650 nm.
Figure 8.16: Angle-dependent mode density in red RC-OLED at different wavelengths
(Simulation).
For 600 nm and 612 nm, the maximum of the mode density points mainly in the
forward direction. However, for longer wavelengths such as 650 nm, the mode density is
dominated by modes of a higher order forming a rather oblique angle with the substrate.
Consequently, most of the long-wavelength light will couple to lateral guided modes. This
effects becomes even stronger if a DBR with more layers is employed.
For the blue RC-OLED, the situation is similar: The left hand side of figure 8.17 shows
the spectra of these OLED and the corresponding reference devices measured in an
integrating sphere at a current density of 1 mA/cm2. The right hand side of figure 8.17
shows the corresponding efficiency and color coordinates at a brightness of 200 cd/m2.
(The measurement with macro lens of the blue RC-OLED with 4-layer DRB is missing
because of device failure caused by a defective encapsulation).
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Figure 8.17: Integrated emission of blue RC-OLED comprising a DBR, measured with
and without macro lens (ML) in an integrating sphere at 1 mA/cm2 (left).
Efficiency and color coordinates of blue RC-OLED comprising a DBR, in
comparison with reference devices measured at the display-relevant bright-
ness of 200 cd/m2 (right).
When measured in forward direction, both blue RC-OLED displayed a strongly boosted
emission peak and highly saturated deep blue color (figure 8.13). However, when mea-
sured in an integrating sphere, the situation reveals itself as the exact opposite: The
color coordinate y of both RC-OLED is even higher than the one of the reference OLED
and the FWHM of the blue RC-OLED with 2-layer DBR is as high as 90.3 nm which is
the 1.5-fold of that of the reference device. At the same time, the overall EQE of the
RC-OLED is slightly lower than the one of the reference device. Attaching a macro lens
to the substrate leads to a 2.5-fold higher EQE in case of the RC-OLED, whereas for
the reference OLED the EQE is only increased by a factor of 2.1. This means, that the
formation of substrate modes is not suppressed by the DBR but even increased.
Simulations of the angle-dependent mode density were conducted in analogy with figure 8.16.
Like in case of the red RC-OLED, the poor out-coupling efficiency of the blue RC-OLED
can be attributed to mode density peaks of higher order. However in case of the blue RC-
OLED, those mode density peaks are even more pronounced because the cavity length
is by λ/2 longer than in case of the red RC-OLED (see figure 8.12).
In summary, it can be concluded that the approach of a RC-OLED with DRB allows
to strongly enhance the efficiency in forward direction. However, if integrated values
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are considered, its out-coupling potential is limited due the formation of mode density
peaks of higher order at higher angles. Various simulations regarding this issue were
performed. As a result, two different approaches are suggested to suppress this effect.
• Employing emitter materials with an emission spectrum which is so narrow that it
cannot emit within wavelength regime of the second peak (i.e. there is no overlap
of the spectrum and the the second order mode density peak). However, until
today no such organic emitters have been presented.
• Reduce the thickness of the TCO layer (to about 20 nm), so that the cavity length
can be reduced by λ/2 in order to move the second mode density peak further away.
This may seem unrealistic, since the sheet resistance of a 150 nm ITO layer already
leads to an inhomogeneous luminance distribution in large-area substrates. How-
ever, if alternative anode materials such as graphene are considered, the concept
might become more attractive.
8.3 Potential of micro-cavities for efficiency improvement of
white multi-unit OLED
The initial question of this chapter was, whether the efficiency of a lateral multi-unit
OLED can be further increased by employing RC-OLED units. Because of the limited
reliability of the RC-OLED with Ag layer (see section 8.1.5), all measurements of the
above discussed RC-OLED were carried out at only 200 cd/m2. However, in theory
it should be possible to obtain the same improvement factors at the lighting-relevant
brightness of 1000 cd/m2, too.
Based on this assumption, the attainable efficiency of a white multi-unit OLED was
calculated. In analogy with table 8.1, a brightness of 1000 cd/m2 and color coordinates
of illuminant A were assumed for the calculation.
Replacing the blue unit by any of the above discussed blue RC-OLED would lead to
a decreased luminous efficiency. However, if the green and especially the red units are
replaced by RC-OLED, the efficiency can be increased significantly. Table 8.3 gives an
overview of the possible combinations.
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Table 8.3: Attainable luminous power efficiency of white multi-unit OLED with red and
green sub-units consisting of RC-OLED (in combination with a conventional
blue sub-unit). For the calculations, a brightness of 1000 cd/m2 and color
coordinates of illuminant A were assumed.
The highest efficiency (of 40 lm/W) can be obtained if an Ag layer is employed for
both the red and the green unit. This corresponds to an efficiency improvement of
35% compared to the reference device. Remarkably, the improvement arises almost
completely from the red unit: If the Ag layer in the green unit is omitted, the efficiency
drops only slightly to 39 lm/W. If a 2-layer DBR is employed for the red unit, an
efficiency of 36.1 lm/W (or an enhancement of 22%) is obtained.
Since the RC-OLED approach is useful mainly for the red unit, it is a promising approach
to use an alternative out-coupling techniques such as a scattering foil for the green and
blue units in order maximize the overall efficiency of the multi-unit OLED.
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9 Summary and conclusion
The goal of this work was to develop and investigate OVPD-processed highly efficient
white OLED for general lighting. Therefore, a group of new high performance organic
materials were qualified for the OVPD process and then were employed to develop a
hybrid white OLED. Following, the color reproducibility of the developed white OLED
in the OVPD process was investigated. Furthermore, the potential of employing micro-
cavity effects to improve OLED light out-coupling was examined.
Investigation of new materials
Highly efficient red and green electro-phosphorescent materials as well as blue electro-
fluorescent materials were qualified for OVPD. Without improved light out-coupling,
OLED based on these phosphors reached EQE values of up to 18% and OLED based on
electro-fluorescent materials reached an EQE of up to 7.9% (thus exceeding the classi-
cal theoretical EQE limit of 5% for fluorescent emitting materials). The extraordinarily
high EQE can be explained by TTA-enhanced fluorescence.
By employing a high-performance ETL material, the drive voltage of both red and green
phosphorescent OLED could be reduced to only 3 V at 1000 cd/m2. This is remark-
able because in current literature, VTE-processed OLED with such a low drive voltage
are reported only in combination with p- and n-type doped transport layers. Thus, it
should be investigated if the developed OLED exhibit the same low drive voltage when
processed by means of VTE, or if the low drive voltage is due to a superiority of the
OVPD-process.
Nevertheless, even though it was demonstrated that highly efficient OLED can be
achieved by means of OVPD, is still considered absolutely crucial to examine the com-
patibility of electrical doping and OVPD in order to enable the concept of stacking.
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Development and investigation of hybrid white OLED
Based on the new materials, a hybrid white OLED was developed using green and red
electroluminescent phosphors combined with a deep-blue fluorescent emitting material.
However, the lifetime at 1000 cd/m2 was limited to about 380 h.
In order to obtain a longer lifetime, a two-color white OLED (based on a red phos-
phor and a light-blue fluorescent emitter) was developed having a lifetime of 4000 h at
1000 cd/m2. The 2-color white OLED exhibits a significantly lower efficiency which can
be attributed to its higher color temperature, the unfavorable shape of its spectrum as
well as non-radiative charge carrier recombination in the interlayer.
Depending on the color coordinates, the 3-color white OLED exhibits an efficiency be-
tween 10 and 18 lm/W (at 1000 cd/m2) which is only about 50% of the efficiency which
can be attained by combining the corresponding monochrome OLED in a multi-unit
white OLED. Further optimization of the layer stack including the use of a mixed ma-
trix with gradually varied mixing ratio has been performed by F. Lindla [40] and yields
an efficiency of up to 21.6 lm/W for color coordinates of standard illuminant A. Still,
this is less than 70% of the efficiency which can be attained by combining the corre-
sponding monochrome OLED. This result emphasizes the importance of qualifying n-
type doping by OVPD, in order to achieve white multi-unit OLED by means of stacking.
Color stability of hybrid white OLED
For the production of hybrid white OLED, the color coordinate reproducibility of hybrid
white OLED is crucial but challenging, since even small changes of the process parame-
ters can disturb the balance of charge carrier recombination taking place on both sides of
the interlayer. Thus, the color coordinate reproducibility of the developed 3-color white
OLED was examined. It was found that even small deviations of the substrate tempera-
ture result in a noticeable shifting of the color coordinates of the white OLED. In order
to control the substrate temperature, an electrostatic chuck (ESC), which presses the
substrate against the substrate holder, was employed. As a result the devices processed
with ESC, exhibited an excellent color coordinate stability, with the standard deviation
of color coordinates being as low as ∆ x < 0.01 and ∆ y < 0.01.
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White multi-unit OLED with improved light out-coupling
In addition to the above described white OLED, the approach of a white multi-unit
OLED comprising laterally arranged monochrome units was examined. By combining
the highly efficient monochrome OLED developed in the scope of this work, a white
multi-unit OLED with an efficiency of more than 30 lm/W at 1000 cd/m2 (without im-
proved light out-coupling) having the color coordinates of standard illuminant A can be
achieved. This corresponds to an efficiency increase of at least 150% compared to the
single-unit white OLED.
Furthermore, the multi-unit approach allows to employ microcavity effects to improve
the light out-coupling efficiency: In order to examine the potential of these microcavity
effects for improved light out-coupling, various RC-OLED were processed. Both, the
approach of introducing a semitransparent silver layer between ITO and organic layer
stack as well as the approach of depositing a DBR on the glass substrate prior to the
ITO were examined. As a result, the luminous efficiency of the red and green unit could
be improved by 91% and 33%, respectively, whereas in case of the blue unit, no improve-
ment could be achieved. While the efficiency improvement of the green unit is mainly
due to a reduction of guided substrate modes, the impressive efficiency improvement of
the red unit can be attributed to both a reduction of substrate modes and an enhanced
true luminous efficiency due to a strong spectral narrowing.
If in case of the above described white multi-unit OLED, RC-OLED are used as green
and red units, a 35%-enhancement of the luminous efficiency can be derived, which cor-
responds to an efficiency of 40.0 lm/W at 1000 cd/m2.
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10.1 Properties of organic materials
Figure 10.1: Properties of organic materials [128][129][130][131][17][40]
107
10 Appendix
10.2 Substrate preparation for RC-OLED
The preparation of substrates for the RC-OLED with DBR is described in the following.
Figure 10.2 gives an overview of the required process steps.
Figure 10.2: Substrate preparation for RC-OLED comprising a DBR.
1. Dielectric layers and ITO are deposited on pre-cleaned display glass.
2. Photoresist (AZ1518) is deposited by means of spin-coating at 4000 rpm followed
by a 120 sec soft-bake at 97◦C on a hot-plate.
3. Covered with a shadow mask, the photo resist is exposed to UV light having an
intensity of 0.3 mW/cm2 for 150 sec.
4. The photoresist is developed for 125 sec in AZ-MIF-726 developer to remove the
parts of the photoresist which have prior been exposed to UV-light. Following, the
ITO is removed using BASF-UN-2789 hydrochloric acid.
5. The residual photoresist is removed using acetone, followed by cleaning in isopro-
phanol and DI water as well as spin-drying and baking at 125◦C.
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6. AZ-1518 is spin-coated onto the substrate at 4000 rpm.
7. To define the active area of the latter device, the photoresist is structured analo-
gously to steps 1-4 to form an insulating layer. Followed by a 30 min hard-bake at
200◦C in an oven.
To evaluate the surface roughness of the ITO of the substrates with DBR, atomic force
microscopy (AFM) measurements were performed. Figure 10.3 shows scans of the ITO
surface of a substrate with DBR in comparison to a PHILIPS standard substrate.
Figure 10.3: AFM measurements of standard ITO (left) and ITO sputtered for RC-
OLED (right)
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